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ABSTRACT
The goal of the research presented in this dissertation is to develop analytical
techniques for the analysis of heterogeneous mixtures of submicron particles and protein
aggregates.
In Chapter 2, a simple and reproducible technique for constructing perfectly
aligned gaps in fused-silica capillaries has been developed for postcolumn reagent
addition with capillary electrophoresis (CE) to take advantage of laser-induced
fluorescence (LIF) detection. This technique uses laser ablation with a Nd:YAG laser to
create gaps of 14.0 ± 2.2 µm. These structures have been used for reagent addition for
postcolumn derivatization with LIF detection and have been tested for the separation of
proteins and amino acids.
In Chapter 3, laser-induced backside wet etching (LIBWE) has been adapted to
improve the gap construction technique described in Chapter 2. A capillary filled with a
solvent or a dye solution was cut by laser ablation. Gap size was reduced up to 56% in
comparison to air cut gaps using only 22% of the laser pulse energy used in Chapter 2.
The self focusing ability of the solvents tested due to nonlinear refractive index has been
shown to play a role in the LIBWE process. Gaps created in Chapters 2 and 3 could be
used to label individual protein aggregates and submicron particles.
Separation and detection of individual submicron polystyrene spheres (110-992
nm) using CE with laser light scattering detection at 90o has been demonstrated in
Chapter 4. Particles as small as 110 nm in diameter were detected individually using this

xiv

method, but 57 nm particles could not be detected individually. Detection efficiencies
ranging from 38 to 75% were determined for polystyrene spheres of different sizes.
The instrument developed in Chapter 4 has been modified to collect scattered light at two
different angles (20o and 90o) and fluorescence (90o) simultaneously. The ability of the
new system to separate and detect individual 943 nm fluorescent particles was
demonstrated. The smallest diameter particle that could be detected at 20o and 90o by
scattering was 80 nm. The ability of the system to separate and detect individual rodshaped biological particles (tobacco mosaic virus) was investigated.

xv

CHAPTER 1
INTRODUCTION
1.1 Optical Detection of Individual Colloidal Particles for Separations
Nanoparticles demonstrate unique photonic, electronic, magnetic, catalytic, and
other physical and chemical properties that are attributed to their small size and various
shapes. The exploration of these properties on size and shape opens new frontiers in
science, engineering and technology collectively referred to as nanotechnology. There
has been an explosive growth of nanotechnology research over the past few years largely
due to increased interest in applications and availability of different synthetic and
analytical methods to produce and study nanoparticles. The application, synthesis, and
characterization of nanoparticles have been reviewed over recent years.1-4
According to IUPAC definition, nanoparticles are particles with dimensions of 1 100 nm, and colloidal particles as particles with at least one directional dimension
between 1 nm and 1µm dispersed in liquid medium.5 For simplicity of this chapter,
hereafter, colloidal, nanoparticles, and microparticles are referred as colloidal particles
(CPs). This review will cover optical detection methods for separations of individual CPs
including polymeric, inorganic, and biological particles.
Polymeric CPs typically are spherical particles suspended in an aqueous solution
ranging from a few nanometers up to several micrometers in diameter. They can be
synthesized with a very narrow size distribution and are commercially available in many
sizes. These features have resulted in widespread application and study of polymeric
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particles. They have been used as size standards for various applications due to the
availability of monodisperse samples. In addition, polymeric colloids have been used in
medicinal and biochemical applications such as immunoassays, affinity–diagnosis, drug
delivery systems and carriers.3,6,7 An excellent review by Kuwaguchi describes the
synthesis and various applications of polymeric colloids.7
Inorganic CPs have been synthesized in a range of sizes and shapes and are also
available commercially. The unique electronic, optical, and photophysical properties of
inorganic nanoparticles have paved a path towards the development of novel applications
from material science to biotechnology.

Silica, gold, silver, carbon, and cadmium

selenide are among the inorganic CPs that are frequently used for many applications. A
recent review by Tan et al. described the use of silica in bionanotechnology.4

An

excellent review by Katz and Willner describes the synthesis, properties, and applications
of integrated nanoparticle-biomolecule hybrid systems.1

The use of inorganic

nanoparticles for bioanalysis with emphasis on quantitation tags, bioassay, signal
transduction, and catalysis for biological systems has been reviewed.8 In addition to their
use in the advancement of biotechnology, inorganic CPs have been used as a separation
medium as discussed in a review by Guihen and Glennon.9 There are many other
reported applications of inorganic CPs, but a complete listing is beyond the scope of this
review. The increased interest in the synthesis and applications involving CPs of various
shapes and sizes necessitates the development of analytical techniques to characterize and
quantify such particles.
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Many important systems in biology are classified as colloidal particles. Pool and
Owens described the structure, size, and importance of nanometric constituents of
biological materials.2 Biological CPs, which include proteins, nucleotides, organelles and
cells, are known to play a variety of critical roles in animals and plants. They have been
used as tools to affect and study biological systems. For example, liposomes have been
used as a means for efficient drug, protein, DNA and RNA delivery into cells.10,11
Mitochondrial suspensions have been used in clinical diagnosis.12 Although viruses and
bacteria are known for their pathogenesis, they are also used for other applications. For
example, the plant virus, tobacco mosaic virus (TMV), has been used as rod-shaped size
standard for different applications.13,14

Another example of biological particles of

importance are protein aggregates. Abnormal proteins and protein aggregates are thought
to be the cause for several neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, Prion disease and Huntington’s diseases.15 Hence, the quantification
and characterization of biological CPs is of primary significance in the fields of medicine
and biochemistry.
Environmental nanoparticles are colloidal particles found dispersed in aquatic
systems, in the atmosphere as aerosols, or embedded in soil systems by various
mechanisms. Environmental nanoparticles can be hazardous to the health of plants and
animals including humans. This health issue related to nanoparticles can be due to their
size suitability as potential carriers of hazardous pollutants such as volatile organic
compounds that can adsorb onto the particulate surfaces.

The human toxicity of

nanoparticles can arise from the interaction of these particles with the skin, the lungs, and
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the gastrointestinal tract of human being. On the other hand, nanoparticles have been
used as a means to reduce the risk of other hazardous nanoparticles by reducing pollution,
emission and remediate contaminated ground water.16 Biswas and Wu have recently
reviewed a wider scope of environmental nanoparticles.17 To understand the impact of
nanoparticles on the environment, a sensitive detection methods based on chemical and
physical analysis of individual particles are necessary.
Colloidal particles can be characterized based on their size distribution, shape,
electrical and magnetic surfaces, as well as other chemical and physical properties. Many
analytical procedures have been used to characterize and quantify CPs. There are three
primary approaches used to characterize colloidal systems, according to a review by
Haskell.18

These three techniques are ensemble, direct counting, and separations.

Ensemble methods represent those methods that are used to view the whole sample
population and compute average properties of the particles making up the population. In
a direct counting, individual particles are observed sequentially, specific characteristics of
each particle are recorded to build a database of information about individual size, shape,
and other physical and chemical properties.

Examples of direct counting methods

include microscopic methods and flow cytometry.
characterization methods are described.18

Finally, separation based CP

Although details were not provided, disk

centrifuge, field flow fractionation, hydrodynamic chromatography, and capillary
electrophoresis were listed as separation techniques for CPs. Individual CPs separation
methods are discussed in Section 1.3.
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1.2 Ensemble and Direct Counting Methods
Electron microscopy is a direct counting method which is used most frequently
for observation and analysis of individual CPs. Electron microscopy can be classified as
either transmission electron microscope (TEM) or scanning electron microscope
(SEM).19

Scanning electron microscopy is preferentially used to study the surface

morphology of CPs over TEM due to its high resolution (0.5 nm).19 However, when
shape and size determination is required, TEM is frequently used in preference to SEM.
In addition to electron based microscopy, scanning-probe techniques such as atomic force
microscopy (AFM) and scanning tunneling microscopy (STM) have been used for
characterizing CPs’ size and surface structure.20,21 Optical microscopy techniques such
as near field scanning optical microscopy (NSOM or SNOM)22-24 and far-field optical
microscopy25 have also been used in characterization of individual CPs. Microscopy
techniques only quantify CPs that can be transferred to the detection platform, which
gives only a selective snapshot of a few representative particles and does not provide a
reliable population analysis.26,27

For a detailed discussion on characterization of

nanoparticles using different microscopy techniques readers are referred to a book edited
by Yao and Wang.28
Another common approach to characterize CPs is using ensemble light scattering
techniques such as elastic, quasi-elastic (QELS), or inelastic scattering methods. In
elastic light scattering, light scattered at the same frequency as the incident is detected.
Detailed discussion of this technique is provided in Section 1.4.

In inelastic light

scattering, however, light scattered at different frequency than the incident light is
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detected.

Inelastic light scattering provides chemical structure of molecules.

Fundamentals of inelastic light scattering and its application as a selective detection
method for individual CPs are detailed in Section 1.4.3. Quasi-elastic scattering also
known as photon correlation spectrometry is based on time dependent collection of
scattered light at the same frequency as the incident light. It is used to determine average
effective size or hydrodynamic diameter and other properties which can be obtained from
the time dependent fluctuation of scattered light intensity due to the Brownian motion of
the particles. Inelastic and quasi-elastic light scattering techniques are commonly used to
characterize populations of CPs. A book by Xu provides a complete description of light
scattering methods used for characterizing particles.27
Colloidal particles have been characterized individually using information rich
detection methods, which provide unambiguous identification of individual CP by
chemical and physical properties of the individual particle. Techniques such as mass
spectrometry and Raman spectrometry have found wider application in identifying and
characterizing individual environmental nanoparticles. Mass spectrometry has been used
for analyzing size and chemical composition of individual aerosols.29,30 The complete
interpretation of the data obtained from mass spectrometry can provide the identification
of the nanoparticle, the source, as well as the chemical transformation of the individual
particle. Reviews of non-separation based individual particle analysis techniques can be
found elsewhere.31,32
Flow cytometry, a direct counting method, has been used for decades as a means
of counting and characterizing cells and other microorganisms.33
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Flow cytometry

coupled with sensitive detection methods can provide individual particle characterization.
In flow cytometry, individual particles are introduced into a flow stream generated by a
surrounding sheath isotonic fluid that creates a laminar flow, allowing particles to pass
individually through a detection beam.

Optical signals, such as light scattering at

different angles, extinction, and fluorescence, are collected simultaneously. Angular
based laser light scattering information has been used to distinguish among different cells
or colloidal particles. Readers are referred to an excellent book on flow cytometry by
Shapiro that describes and reviews the principles and applications of flow cytometry for
the detection and enumeration of CPs.33

Miniaturization of the commercial flow

cytometry has been performed using capillary and microchip in order to achieve the
detection of CPs with sizes less than micrometers, such as viruses. Ferris et al. have
developed a flow cytometry based instrument for rapid counting of nanoparticles.34-36
Microfluidic structures have also been employed for flow cytometry.37-50
Flow cytometry has been applied for the characterization of various biological
colloidal particles and has found wide acceptance in the fields of medicine and biology.
However, it will be beneficial if a separation element (based on size, shape, and
composition) is added to flow cytometry for better characterization of individual CPs.
A separation technique coupled with various detection methods is necessary in
characterizing individual CPs in a heterogeneous sample mixture. Individual CPs can be
separated individually based on their difference in size, shape, and other physical or
chemical properties of the individual CP. These phenomena or forces that give rise to the
separation of individual particles can provide a distinctive feature for characterizing
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individual CPs. When these separation characteristics are associated with the optical
signals from individual particles, a two dimensional characterization is possible. Optical
signal intensities from an individual CP can be interpreted as a function of size, shape,
content, and other chemical and physical properties of the individual CP. In such cases,
peak width, area, and height are used to deduct the required information. In addition to
the characterization of individual CPs, quantification of CPs is possible by counting
individual peaks.
1.3 Separations of Individual CPs
Separation techniques including sedimentation,51 field flow fractionation,51-53
hydrodynamic

chromatography,54,55

size

exclusion

chromatography,56

and

electrophoretic57-60 separations have all been employed in the separation of CPs. In most
reports peak area or peak height are used to characterize and quantify colloids. The peaks
are due to large populations of particles possessing similar separation characteristics.
Hence, they are only useful for determining bulk characteristics of particles with similar
separation characteristics.

In situations where quantification and characterization of

individual CPs are required, a suitable separation technique with a sensitive detection
method such as laser-induced fluorescence (LIF) or laser light scattering (LLS) is
desirable. Only a few separation techniques have been used for separation and detection
of individual particles. Size based separation methods such as capillary hydrodynamic
chromatography, electrophoretic, and magnetophoretic based separations have been used
to separate individual CPs.
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1.3.1 Capillary Electrophoresis
Capillary electrophoresis (CE) has been used to separate molecules ranging from
simple inorganic ions and small organic molecules to large biological molecules such as
proteins, DNA, and RNA. In addition, it has been applied to the separation of CPs.61,62
Capillary electrophoretic separation takes place in a capillary or microchannel (25-75 µm
inner diameter), when one end of the capillary is applied with a high potential and the
other end of the capillary is held at relatively negative potential. The application of a
potential at one end of the capillary initiates the migration of the charged species through
the capillary. A positively charged species will move towards the cathode and the
negative towards the anode and neutral species remain intact. This migration of charged
species is termed as electrophoretic mobility. In most cases, however, there exits an
additional force that drags the solution in the capillary towards the cathode. A capillary
filled with a buffer has negatively charged surface, due to silanol functional group, which
is surrounded with positively charged species to counterbalance the charge. When a
positive potential is applied, these positively charged species will move towards the
negative potential dragging the entire solution towards the cathode. This bulk flow of
solution is termed as electroosmotic flow (EOF).63 The EOF is strong enough to carry
species of both charges to the cathode despite the opposite electrophoretic motion of the
anionic species. Hence, separation of charged species is based on the difference in
electrophoretic mobilities of these species. A more detailed principle of CE separations
and applications can be found in a number books and review papers.64-69
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The potential of CE for separating individual particles such as polystyrene latex
spheres,70-74 liposomes,74 cell nuclei,75,76 mitochondria,77-81 acidic organelles,82,83 and
platelet-derived microparticles84 has been demonstrated. Microchip based separations of
CPs have also been reported.72,73,85 Reviews by Radko and Chrambach86 and Rodriguez
and Armstrong87 have discussed the separation of CPs using capillary electrophoresis.
Although the focus of these reviews has been on bulk characterization of CPs, only a few
papers has been cited that detail the characterization of individual CPs based on their
individual behavior.
The principle of separation and detection of individual particle is related to single
molecule detection, where single molecules are separated and detected individually as
they pass through focused detection beam.88,89 Due to their short transit time through the
detection beam, faster data acquisition along with a sensitive detection method (LIF), has
enabled the resolution of a single well-defined peak from each individual molecule. In a
similar manner, CE has been used to separate individual particles based on their
difference in electrophoretic mobility. This is sometimes referred to as electrophoretic
heterogeneity. The electrophoretic mobility of a particle is dependent on its size, shape,
counter ion double layer, zeta potential at the particle surface and the surface
composition.86 Radko and Chrambach and references therein have described the possible
separation mechanisms in their review.86
Figure 1.1 details an example of separation and detection of individual 1 µm
fluorescently-labeled polystyrene CPs using CE with LIF detection. It also illustrates the
importance of fast data acquisition rate. Data in Figure 1.1 were acquired at 4Hz (upper
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trace) and 100 Hz lower trace. A 30 s expansion of Figure 1.1A is shown in Figure 1.1B
to detail the peak shape and width at each acquisition rate. Each peak in the lower trace
(100 Hz) of Figure 1.1A and B represents fluorescence signal from an individual
fluorescently-labeled spherical particle as they pass through a focused laser beam.
However, as in Figure 1.1 B upper trace (4 Hz), due to slow data acquisition rate,
individual fluorescent events from individual particles could not be resolved.

Figure 1.1. (A) Electropherograms for the separation and detection of 1 µm diameter
fluorescently labeled individual polystyrene beads using CE with LIF detection. Data
were acquired at 4 and 100 Hz for the upper trace and lower trace, respectively. (B) An
expanded view of 30 s region of (A), showing individual fluorescent events. Conditions:
31 cm total capillary length coated with AAP, 21 cm to detection window; 5 s, 10 psi
injection; applied electric field -300 V cm-1; 10 mM N-[2-hydroxyethyl]-piperazine-N[ethanesulfonic acid] (HEPES) and 500 mM sucrose buffer pH 7.4. Reprinted with
permission from Elsevier.90 Copyright 2005.
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As the data acquisition rate increases (from 4 Hz to 100 Hz), the resolution of individual
peaks also increases resulting in an increased number of peaks and decreased peak width.
In this particular example, an average peak width of 810 ms and 208 ms at half maximum
were determined for data acquired at 4 and 100 Hz respectively, indicating the
importance of faster data acquisition rate for adequate resolution of peaks for the
detection of individual particles.

A detailed discussion of data acquisition rate for

individual particle detection is presented in Section 1.4.
Arriaga and coworkers demonstrated the separation and detection of individual
fluorescently labeled polystyrene particles ranging in diameter from 0.2 µm to 6 µm
using CE.74 The electrophoretic mobility of individual particles was shown to increase as
the particle size increased. A similar increase in electrophoretic mobility as a function of
size was earlier reported for the detection of population of polystyrene particles.62
Liposomes have been separated using CE in order to characterize their electrical
surfaces. Liposomes, phospholipid vesicles of various sizes, have been used for drug
delivery in therapeutic and cosmetic treatments.10,11,91 The characterization of liposomes
is important as their surface and size distribution play a crucial role in drug delivery.
Population characterization based on the average of liposomes using CE has been
previously reported;86,92,93 however, Duffy et al. reported, for the first time, the
measurement of electrophoretic mobility of individual liposomes using CE with
postcolumn LIF detection.74 Electrophoretic mobilities in the range of −(1.8 - 3.8) × 10-4
cm2 V-1 s-1 have been reported for individual liposomes and with an average of −2.9 ± 0.3
× 10-4 cm2 V-1 s-1 in a capillary coated with poly(acryloylaminopropanol) (poly-AAP).
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This wide difference in mobilities of individual liposomes was accounted by various
factors such as difference among individual liposomes in size, membrane composition,
zeta potential, and the preparation procedures of liposomes.
Mitochondria are another example of organelles that were separated individually
using CE. Strack et al. have shown for the first time the separation and detection of
individual mitochondria prepared from bulk using CE with LIF detection.79

The

electrophoretic mobilities of mitochondria isolated from two cell types, NS1 and CHO,
has been reported to range from −(1.2 - 4.3) × 10-4 cm2 V-1 s-1 and −0.8 to −4.2 × 10-4 cm2
V-1 s-1 respectively in capillaries coated with poly-APP.77 In further research, the same
group has studied the effect of mitochondrial preparation on electrophoretic mobility of
individual mitochondria.80

Mitochondria isolated and prepared under different

circumstances were separated using CE to demonstrate the surface of mitochondrion as a
key factor that affects the electrophoretic mobility of individual mitochondria. The
results indicate that all preparation procedures affect the surface of individual
mitochondria, and consequently, the electrophoretic mobility of individual mitochondria.
The separation and detection of individual platelets and platelet-derived
microparticles (PMP) was performed using CE.84 The separation of individual platelets
and PMPs was considered to be mainly dependent on the surface of individual particle
rather than on size. The distinction in separation mechanisms of platelets and PMP’s was
made based on the Henry function, f(κr) value, where κ is the calculated Debye constant
(κ-1 is the thickness of the double layer) and r is the radius of the particle.

The

electrophoretic migration of a non-conducting spherical particle in a medium of viscosity
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(η) and dielectric permittivity of the medium (ε) can be calculated using Henry’s
equation, given as

µ ep =

2εζ
f (κr )
3η

(1.1)

where the factor f(κr) is known as Henry function that varies from 1 at κr << 1 (the
Hückel limit) to 1.5 at κr >> 1 (the Smoluchowski limit).94 Both ζ-potential and f(κr) can
help to explain the electrophoretic properties of particles.
According to this report, if κr > 10 and zeta potential (ζ) is low, the
electrophoretic mobility of a particle is mainly a function of ζ-potential regardless of the
size of the particle.84 Hence, the polydispersion observed in the electrophoretic mobility
among individual isolated PMPs and PMPs in activated platelets is attributed to the
difference in the surface charge of these particles due to their difference in the surface
composition during preparation.
1.3.2 Magnetophoresis
Magnetophoresis

has

been

used

to

study

individual

magnetic

CPs.

Magnetophoresis is the movement of particles under the influence of applied magnetic
field.95 When an inhomogeneous magnetic field is applied to a magnetic particle, it
imposes a translational motion. This translational motion of the particle is referred as the
magnetophoretic mobility. The physical interpretation of magnetophoretic mobility is
analogous to the electrophoretic mobility in electrophoretic separations. Separation of
individual particles using magnetophoretic is possible due to the differences in individual
magnetophoretic mobility. This difference in magnetophoretic mobility of individual
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particles is due to difference in the particles’ magnetic permeability and susceptibility.95
In a recent publication, the magnetophoretic mobility of individual particles was shown
to depend on the amount of magnetic compound encapsulated, solvent system, porosity
and other factors.96

The complete description and principles of magnetophoretic

separation has been reviewed.95,97,98
Magnetophoretic separation has been incorporated with field flow fractionation
for the separation of individual particles.95-97,99,100

In field flow fractionation, a

nonuniform magnetic field is applied perpendicular to the direction of flow of particles.
The interaction of the hydrodynamic flow and magnetic field enables the separation of
magnetic particles. Capillary based separation of polystyrene micro-particles dispersed
in a paramagnetic metal ion solution has been performed using a nonuniform magnetic
field.101 Pamme and Manz demonstrated the separation of individual magnetic particles
and agglomerates on a microfluidic chip using free-flow magnetophoresis.100

A

microchip, which has a number of inlet and outlet structures was used as a separation
chamber using continuous hydrodynamic flow.

A nonuniform magnetic field was

applied perpendicular to the laminar flow. It was observed single and agglomerate
magnetic particles deflected from the laminar flow based on their size and magnetic
susceptibility.
separation.

Figure 1.2 demonstrates the principles of free-flow magnetophoretic
Magnetophoresis has also been used for the separation of biological

particulates such as red blood cells102,103 and magnetically labeled cells.104
Magnetophoretic behavior of single CP was studied using this technique.98,101 Recently,
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the magnetophoretic mobilities of individual CPs have been measured using an optical
microscope.96

Figure 1.2. Schematic of free-flow magnetophoresis. Magnetic field is applied
perpendicular to particles flowing from right to left. Magnetic and nonmagnetic particles
are separated based on their size and magnetic susceptibility. Reprinted with
permission.100 Copyright 2004 American Chemical Society.
Another related separation technique, electromagnetophoresis, has been used to
separate individual microparticles.105 Electromagnetophoretic mobility of an individual
particle occurs when Lorentz force (application of electric and magnetic fields
perpendicular to one another) is applied to particles in an electrolyte solution.106 Figure
1.3 illustrates the schematic of the applied electric and magnetic fields in an
electromagnetophoretic separation. As shown in Figure 1.3, the direction of Lorentz
force is perpendicular to both electric and magnetic fields. The mobility of a particle is
dependent on the electrical conductivity of the particle and electrolyte solution.106 If the
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electrical conductivity of the particle is greater than the electrolyte solution, then the
particle migrates in the direction of the applied force. If the electrical conductivity is less
than the electrolyte, then the particle moves in a direction opposite to the force; however,
no movement will occur if the conductivity of the particle and fluid are the same.106
Electromagnetophoresis has been used to separate individual microparticles, such as
spherical carbon particles, polystyrene spheres, yeast, and red blood cells.105

E

F
CP

B

Figure 1.3. Schematic of electromagnetophoretic mobility of a colloidal particle (CP) by
the application of Lorentz force (F) (an electric field (E) applied perpendicular to a
magnetic field (B)).
1.3.3 Hydrodynamic Chromatography
Hydrodynamic chromatography (HDC) is a size-based separation technique.54,55
Separation in HDC takes place in a column packed with spherical particles, which are not
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accessible by the particles. However, this technique results in clotting of the column as
particles pass through the packed column. Capillary hydrodynamic chromatography was
later introduced as a variant to HDC. This separation technique uses a narrow open
tubular capillary which reduces particle clotting. Fluid pushed by pressure in a narrow
column produces a typical hydrodynamic flow, where flow at the middle of the
separation column is higher than near the walls of the column. This hydrodynamic flow
restricts the flow of particles to be between the walls. Due to their volumes, bigger
particles will elute first followed by the smaller size particles. Capillary hydrodynamic
chromatography with laser light scattering has been used to separate and detect individual
particles.107
1.4 Optical Detection Methods
Several optical detection methods have been used for the detection of CPs. The
most frequently used detection method for population of CPs is UV absorbance. The
detection limits for polystyrene CPs using UV absorbance detection with CE has been
reported to range from 2000 particles for 683 nm diameter to 3.6 million for 39 nm
diameter particles.62 The peak width from the detection of population of particles is
reported in the order of a few seconds. This peak width depends on the heterogeneity of
the electrophoretic mobility of the individual particles.108 Hence, individual particle
separation is possible based on the electrophoretic mobility differences among individual
particles. In order to detect individual particles that pass through a focused detection
beam, it is important to use a sensitive detection method.

18

In addition to the requirement of sensitive detection methods, fast data acquisition
rates are necessary for adequate peak resolution for the detection of individual CPs. The
required acquisition rate is dependent on the flow rate of the particle, which determines
the peak width if the detection beam is larger than the particle. For example, if a particle
with a flow rate of 0.2 cm s-1 passes through a 10 µm diameter focused laser beam, then
the time required for the particle to cross this beam will be 5 ms. The focused laser beam
diameter can be roughly estimated using the following equation
d≅

4λ f
πD

(1.2)

where λ is the wavelength of the laser, f is the focal length of a lens, and D is the
diameter of the laser before focusing. Considering 10 points as the minimum number of
points that define a peak,71 the required acquisition rate is 2000 Hz. Most reports of
individual CP detection use acquisition rate of 50-100 Hz.70,74-78,80-84,109-111 In most of
these reports,74,77,78,82,83,110,111 an average peak width of 60-90 ms were reported while
data were acquired at 100 Hz. Assuming the reported widths are at half maximum; only
6-9 points could be collected per peak, indicating their data acquisition rate was low or
marginal.

A data acquisition rate (10 kHz) was used for the detection of

electrokinetically flowing CPs.72 In a recent study, Ahmadzadeh et al. compared the
effects of data acquisition rate on the number of individual CP detected (Figure 1.1).90
Data acquired at 4 and 100 Hz were compared. Faster data acquisition rate increased the
detection efficiency as expected by a factor of three and half. Moreover, lower variation
in fluorescence intensity was observed at higher acquisition (100 Hz).
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1.4.1 Laser-Induced Fluorescence
Laser-induced fluorescence (LIF) is the most sensitive detection method used in
microscale separation methods such as CE.112

Single molecule detection has been

demonstrated for CE separations.88 Laser-induced fluorescence has also been applied to
detect individual nanoparticles.42,47,70,74-84,111,113 However, only few CPs are natively
fluorescent, thereby limiting their use in LIF detection. Derivatization is often employed
to produce fluorescent reaction products for the detection of non-fluorescent CPs
individually using LIF. This can be accomplished by derivatizing analytes with a suitable
reagent. Derivatization of CPs can involve covalent bonds between the analyte and
reagent or noncovalent bond association between these species. Derivatization can be
performed precolumn, on-column, or postcolumn.

Most of the CP derivatization

discussed in this article use precolumn derivatization. For example, mitochondria have
been stained with 10-N-nonyl acridine orange, a fluorescent dye which binds specifically
to cardiolipin, a phosolipid present only in mitochondria.77,78,80,81 Other organelles and
nuclei were labeled for LIF detection before CE injection.75,76,82,83,111 In addition to the
above derivatization techniques, nanoparticles have also been used as a means to
fluorescently tag individual acidic organelles.82,83 Endocytosis was used to encompass
the fluorescent nanospheres inside acidic organelles.
The major advantage of LIF detection for individual CPs arises from its ultrasensitivity and selectivity.

Due to the high selectivity of LIF, less interference is

expected during the detection of individual CPs.

In fact, this advantage has been

extended to include multi-fluorescence detection that selectively detects individual CPs
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with different emission wavelengths without interfering with one another. Quantification
of individual particles and contents can be achieved from either the number of peaks or
areas.

Figure 1.4. Schematic of a 90o LIF detection system. Key: L, lens; C, capillary; MO,
microscope objective; LP, long-pass filter; PH, pinhole; PMT, photo-multiplier tube; RC,
low-pass RC filter; ADC, analog-to-digital converter.
1.4.1.1 Single-Point LIF Detection
Typically, LIF detection is performed at either 90o or 180o with respect to the
incident laser light. A 90o LIF detection for CE is illustrated in Figure 1.4. As illustrated
in the figure, the system consists of a laser, a focusing lens, a collecting lens, an
interference filter, a spatial filter, and a detector. Laser light is focused onto a capillary or
a channel using a lens and fluorescence emission is collected using a microscope
objective placed at 90o with respect to the incident laser beam. Fluorescence collected
using the microscope objective is filtered spectrally and spatially to remove elastic and
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inelastic scattering before it reaches the detector. The high sensitivity of LIF detection is
achieved by collecting fluorescence emission using a very high efficiency light collecting
microscope objective, while restricting background scattering using different spectral and
spatial filters before the detector. A recent review by Johnson and Landers114 and an
earlier publication by Wu and Dovichi115 provide fundamental and practical principles of
the optics used in LIF detection with capillaries and microfluidic channels.
Different novel fluorescence detection methods with better sensitivity and
selectivity have been designed for separations of individual CPs. Most of the designs
have been made to reduce background noise in order to increase the signal-to-noise ratio
(S/N).

High background light levels during fluorescence can be attributed to three

different sources; scattered light from the surfaces of the separation column, inelastic
scattering (namely Raman scattering from the surface material and solvents/buffer used
for separation), and luminescence from the walls of the column.
1.4.1.2 Multi-Channel Detection
The use of multiple LIF detectors is beneficial when simultaneous
characterization of two or more different types of CPs is required without interference
between them. This detection principally uses differences in emission wavelength of
different CPs or the same CPs labeled using dyes of different emission wavelengths. The
optical setup for multi-channel detection is similar to the single LIF detector described
above. Light emitted by a single particle is collected using a high NA microscope
objective. The collected fluorescent light is separated using a dichroic mirror, placed at
45o with respect to the direction of the collected light by passing shorter wavelengths and
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rejecting longer wavelengths or vice versa. The fluorescent light passed and rejected by
the dichroic mirror is directed to separate detectors placed at 90o with respect to each
other. The fluorescent light will then be further filtered using appropriate optical and
spatial filters.

A dual-channel LIF detector with capillary electrophoresis has been

reported for the characterization of the contents of individual organelles.83,111 Multichannel detector applications are described in Section 1.4.1.7.
1.4.1.3 Sheath Flow Detection
In addition to on-column detection, particles or molecules can also be detected
postcolumn after exiting the separation capillary. The sheath flow cuvette was first
introduced by Crossland-Taylor116 to reduce the simultaneous occurrence of multiple
particles at the detection point and to reduce light scattered from micro-columns. The
system was thereafter used successfully as a means to detect particles after
separation.107,117-120

In a sheath flow system, the end of the separation capillary is

inserted into a flow chamber made from high quality optical quartz as shown in Figure
1.5. A sheath stream is pumped into the flow chamber by way of a syringe pump and
surrounds the sample as it exits the separation capillary forming a thin stream in the
center of the flow chamber.

The sheath flow rate can be controlled for optimum

detection of CPs. Depending on the sheath flow rate, the route of individual particle
through the focused laser beam can be varied. As a result, the route of a particle through
the focused laser beam affects the S/N, the number of particles that can be detected, and
the variability of signal from same size particles. Since the surface of the cuvette is flat
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in comparison to a capillary, it reduces the reflection and refraction that might arise from
the curved surface of a separation capillary.
Separation Capillary
Flow Inlet

Flow Inlet
Sheath Flow
Sample Stream

Outlet
Figure 1.5. Schematic of sheath flow cuvette. Liquid flow is introduced into the flow
chamber using the flow inlets. This flow will surround the particles as they exit from the
separation capillary to form a thin stream.
1.4.1.4 Confocal Fluorescence
Another

design

of

LIF

detection

for

individual

CPs

uses

confocal

microscopy.42,46,48,49,121 In a confocal microscopy arrangement, light is focused using a
microscope objective and fluorescence is collected through the same objective. Spatial
and spectral restriction allows simultaneous high fluorescence collection efficiency and
noise rejection. A spatial filter plays a critical role in the improvement of S/N. A slit or a
pinhole is frequently used as a spatial filter in confocal microscopy. An aperture placed
in the confocal plane allows the passage of light originating from the focal plane while
rejecting all light that originates from the surroundings. Therefore, all unfocused light
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including scattered light from the outer or inner surfaces of a column or channel is
rejected. This type of filtering is termed lateral discrimination. This discrimination is
primarily dependent on the aperture size. Moreover, a spatial filter also determines the
vertical depth of imaging, also known as vertical sectioning. Hence, an aperture size
determines the detection volume by defining the depth and width of detection. On the
other hand, the excitation volume is dependent on the numerical aperture (NA) and
effective focal length of the microscope objective or lens, the laser beam diameter, and
the excitation wavelength. Detection and excitation volume, as a result, affect both S/N
and the number of particles that can be detected. The smaller the size of the pinhole the
better the discrimination of reflected or refracted light from the fluorescence signal.
However, as the size of the pinhole decreases the number of particles that can be detected
can also decreases due to the smaller detection volume. Harrison et al. described a
detailed study on the optimization of LIF detection of fluorescein in microchips.122 In
addition, Hill and de Mello described a confocal probe volume for the detection of single
molecules.123 Determination of detection volume and probe volume are essential in the
detection of individual CPs.
Confocal fluorescence based detection and fluorescence correlation spectroscopy
(FCS), have been used for the detection of individual CP.42,46,48,121 In FCS, when a
fluorescent CP passes through a confocal observation volume, a burst of photons emitted
from the individual molecule is detected using single photon detector. Fluctuation in
fluorescence signal from single molecules was detected as the individual molecules pass
through the confocal detection volume. This fluctuation in fluorescence intensities is
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autocorrelated yielding an autocorrelation curve. Autocorrelation analysis essentially
measures the average of a fluctuating signal as opposed to the mean spectral intensity.
The autocorrelated fluorescence signal can provide information such as velocity, number
of individual CPs, speed, diffusion rate, and chemical kinetics.121
Two other statistical methods of analysis have also been used to interpret data
obtained from fluorescent bursts from individual particles.

These methods include

Poisson statistics and maximum likelihood estimator (MLE). Details of these statistical
methods for the analysis of fluorescent burst are described elsewhere.48 Using such
statistical methods Edel and de Mello demonstrated that the burst height, width, and area
are dependent on particles size and flow rate.46
Although confocal detection has been used frequently with flow cytometry for the
determination of flow rate in microfluidic devices,46,48,49,121 it was used only once with a
separation technique to individual CPs.42 Despite its ultra-sensitivity due to its small
detection volume (femtoliter), confocal microscopy suffers from low detection efficiency
and, therefore, limited its application for separation of CPs in the quantitation of
individual particles. Only 8% average detection efficiency is reported for the detection of
CPs with sizes ranging from 26 nm to 2.6 µm using flow cytometry.35 Increasing the
detection volume to picoliter range and restricting the flow of CPs through the detection
volume using hydrodynamic focusing has been used as means for higher efficiency
detection of single molecules.88,124
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1.4.1.5 Multi-Point Detection
Multi-point fluorescence detection methods have also been demonstrated as an
alternative for single point detection of individual CP for separations.47,113

This

multiplexed detection method, known as Shah convolution Fourier transform detection
(SCOFT), was first demonstrated by Crabtree et al. for the detection of fluorescent
molecules, fluorescein and FITC on microchips.125 Later this method was adapted to
determine the flow velocity of individual particles.50

Figure 1.6. Schematic of multi-point LIF detection system (SCOFT), where a broad
beam is used to illuminate most part of the separation channel of a micromachinedelectrophoresis chip. The separation channel is covered with a patterned optical cover
film that reflects and passes light alternatively to allow multi-point detection. Reprinted
with permission.50 Copyright 2001 American Chemical Society.

27

Figure 1.6 illustrates the schematic of multi-point LIF detection system. In this system,
SCOFT, the entire length of a separation channel is illuminated with a continuous laser
light. A patterned optical cover film, with evenly spaced slits, placed on top of the
channel is used to pass and reject light alternatively.

Separation of particles is

continuously monitored through these slits using a single detector.

Thus, when a

fluorescent CP passes through each detection window (slit), it will absorb and emit light
to produce evenly spaced Gaussian peaks. The time domain electropherogram is the sum
of several serial Gaussian peaks. For n particles n series will be produced. This time
dependent electropherogram, Shah convolution, is converted to frequency domain using
Fourier transform (FT). In the converted frequency domain plot, each individual series of
Gaussian peaks produce its characteristic frequency peak.
Shippy and co-workers modified SCOFT by utilizing charged coupled device
(CCD) for detection of electrophoretically separated individual fluorescent CPs from the
length of the separation channel rather than using a fixed optical mask.113

When

separated individual particles passed through the detection points, clusters of peaks were
observed due to the detection of individual CPs.

Each image of a section of

electrophoresis was converted with sine wave and summed for Fourier analysis.
Detection of fluorescent particles exhibited frequency signals that were dependent on the
particle size distribution, electric field, and the electrophoresis buffer concentration. One
of the major limitations of using a CCD detector is its limited data acquisition rate, as
opposed to the requirement of faster sampling rate for the detection of individual CPs.
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Further modification of SCOFT detection in microchip was demonstrated using
integrated waveguide beam splitters.47 This design uses two 1 × 128 planar waveguide
beam splitters along the length of the separation channel for multi-point fluorescence
excitation. Emission from electrophoretically separated individual particle was detected
using a PMT detector placed right above the separation channel. Although well resolved
individual peaks were obtained from the detection of individual 1.0 µm fluorescent
particles, large variation in peak height and distorted peaks were reported.

These

problems were attributed to the defects of the waveguide.
The advantage of using multi-point detection as discussed above is to provide
enhanced S/N. In comparison to single point detection, McReynolds et al. reported five
fold improvement in S/N for the detection of fluorescein dye. In addition these systems
have been used as novel systems for monitoring flow rate of particles in the entire
microchip device.

Although multi-detection method is based on the separation and

detection of individual particles, characterization of individual particle is difficult. The
other challenge of multipoint detection is quantification. In addition to complicated data
analysis, frequency dependent noise could result in data misinterpretation.
1.4.1.6 Commercial Instruments
Almost all individual CP detection techniques reported in this chapter using LIF
detection were performed using laboratory constructed instruments.42,47,70,74-84,111,113 In a
recent paper, the Arriaga group made use of a commercial instrument to separate and
detect individual polystyrene particles in order to take advantage of some of the features
available on these instruments.90 Commercial instruments have the advantages of an
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automated sequence sampling option that increases the versatility and throughput for
various applications.

Moreover, these instruments are equipped with a temperature

control unit, which controls the temperature of the column. Such a temperature control is
critical for biological samples.

Despite these features, commercial instruments are

limited by low data acquisition rate (4 Hz). Ahmadzadeh and coworkers modified a
commercial CE instrument using an external I/O board enabling faster data acquisition
rates at 100 Hz in comparison to the original manufacturer’s data acquisition rate of 4
Hz.90 Faster data acquisition increased the detection efficiency as expected.
1.4.1.7 LIF Detection Applications
Two dimensional characterization of individual CPs is obtainable based on the
separation parameters of individual particles and intensity of fluorescence from
individual CPs. For example, in capillary electrophoresis, electrophoretic mobility of
individual particles is used as a means of characterizing the surface charge of a CP. In
addition, fluorescence signal from each CP is used to quantify and characterize individual
particles. Laser-induced fluorescence detection with CE has been used to study the
separation and detection of individual particles such as polystyrene latex spheres,70
liposomes,74 cell nuclei,75,76 mitochondria,77-81 and acidic organelles82,83 that were
fluorescently tagged.

The distribution in electrophoretic mobility and fluorescence

intensity were used to study the electrochemical and physical distribution of these CPs.
In addition to the study of distribution and quantification based on individual counting of
particles, peak height and width have been used to determine the amount of material
present in an individual CP.76,78,81-83,111
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The contents of individual CPs can be selectively detected using multi-channel
LIF detectors at different wavelengths without interference from one another.

The

Arriaga group made use of this advantage to investigate anti-tumor reagent contents in
individual organelles.83,111 Chen et al. determined the amount of an anti-tumor drug,
doxorubicin (DOX), in individual acidic organelles.83 This was performed using dualchannel emission collection to distinguish acidic organelles containing DOX from other
subcellular fraction containing DOX, such as mitochondria, extracted from human
leukemia CCRF-CEM and CEM/C2 cell lines. Since it is expected that DOX can be
accumulated in both acidic and mitochondria organelles, it is necessary to
electrophoretically separate mitochondria and acidic organelles individually and detect
using a dual channel detector simultaneously.

However, electrophoretic separation

cannot on its own determine the differences between acidic organelles and other
organelles. In order to selectively detect acidic organelles it was necessary to use 50 nm
fluorescent particles in order to label the acidic organelles only. Individually separated
acidic organelles (containing DOX and nanospheres) and mitochondria or other
organelles containing DOX were detected simultaneously using a dual channel detector at
different wavelength. DOX detection channel was set at 635 ± 27 nm and nanosphere
detection channel was set at 510 ± 20 nm. The separation and detection of individual
organelles at different channels is shown in Figure 1.7. Events in both channels with the
same migration time represent individual acidic organelles containing both DOX and
nanosphere.

However, difference in migration time is observed among individual

organelles containing only DOX (~200-800 s) and individual organelles containing DOX
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and nanosphere (~200-1200) in two different electropherograms as shown in Figure 1.7B.
No account was given for the observed difference in electrophoretic mobility. According
to this report, the average DOX content per acidic organelle in CEM/C2 and CCRF-CEM
cells were found to be 11.1 and 10.6 zmol, respectively. The DOX content in individual
mitochondria using a similar experimental setup was also demonstrated earlier by the
same group.111

Figure 1.7. Separation and detection of individual organelles isolated from human
CEM/C2 cell lines using CE with LIF detection at 510 nm (nanospheres detection
channel) and 635 nm (DOX detection channel) for the upper and lower traces,
respectively. Detection of organelles treated with nanoparticles (A), DOX (B),
nanoparticles and DOX (C), and (D) is 16 s expanded view of region (C). Conditions:
39.3 cm total capillary length coated with AAP; 1 s, 11.0 kPa injection; applied electric
field -300 V cm-1; 250 mM sucrose and 10 mM N-[2-hydroxyethyl]-piperazine-N[ethanesulfonic acid] (HEPES) buffer pH 7.4. Reprinted with permission.83 Copyright
2005 American Chemical Society.
In addition to the selective determination of the amount of DOX in acidic
organelles, the cardiolipin content in individual mitochondria was estimated using CE
with LIF detection. Individual peaks obtained from the fluorescence signal, represent the
intensities related to the contents of cardiolipin present in individual mitochondria. The

32

cardiolipin concentration from the peak heights and several other assumptions was
determined to be 2.2 amol per mitochondrion.78 In similar work Ahmadzadeh et al.
studied the effect of trypsin treatment on muscle tissue that was sampled directly from
muscle cross section.81 The number of fluorescence events increased by six fold when
muscle cross section was treated with trypsin in comparison with no trypsin treatment.
This increase in the number of mitochondrial events was attributed to the partial digestion
of the actin/myosin cytoskeleton filaments, which facilitated the release of mitochondria.
The application of CE-LIF is not only limited in the analysis of organelles.
However, nucleic contents were also investigated using this technique.75,76 The detection
and characterization of intact nuclei and fragmented nuclei species was demonstrated
after nuclear species were isolated.75 Subsequently, the same group studied subcellular
aggregates containing α-tubulin in nuclear preparations.76

Subcellular aggregates

containing α-tubulin treated using anti-α-tubulin and stained with a fluorescently labeled
anti-mouse IgG were separated and detected individually using CE-LIF. The number of
α-tubulin molecules per single aggregate were estimated to be 170.
Laser-induced fluorescence detection, in addition to application in the
determination of the contents of individual CPs, has been applied in the determination of
velocity of flowing CPs in channels. Confocal detection of individual particles has been
used as a method to determine velocity of particles and used as a means for sorting
particles.42 Multi-point detectors were also used to determine velocity of particles in
microfluidic devices.47,113
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1.4.2 Light Scattering
1.4.2.1 Elastic Light Scattering
Light scattered by a single particle is the sum of all the waves radiated from the
particle. This summation is dependent on the phase relationship between all individual
waves reradiated by the particle. Due to phase interaction between individual waves,
scattering is dependent on the scattering angle, size, and shape of a particle.126,127 Other
factors that affect the scattering of light by a particle are parameters associated with the
light source used for scattering. Wavelength and polarization of a monochromatic light
source affects the scattering of a particle.
Light scattered from a particle is described by a 4×4 scattering matrix known as
the Mueller scattering matrix.126,127

A complete description of these equations is

available in several light scattering books and reviews.126-130 These scattering equations
are angle dependent functions of laser wavelength, as well as particle size, shape, and
composition (primarily refractive index). Hence, determination of the elements of the
Mueller scattering matrix provides information on the particle physical and optical
properties.
Depending on the size of a particle, medium of refractive index, and excitation
wavelength, elastic light scattering is further classified as Rayleigh, Debye, and Mie
scattering.131 If the size of the particle is much smaller than the wavelength of the
incident light, such as atomic and molecular size, then the scattering is considered to be
Rayleigh scattering.
dipole.126,127

In Rayleigh scattering, the scatterer is considered a single

Therefore, light scattered by a particle is considered isotonic in all
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directions. The intensity of Rayleigh scattering is dependent on the inverse fourth power
of the wavelength (λ-4) and the sixth power of the particle radius (r6).126,127
Scattering of a particle fails to follow Rayleigh scattering theory when m-1x >
1, where m is the relative refractive index of the particle and x is the size parameter given
by 2πr/λ.127 Gustav Mie developed a theory to understand scattering and absorption by
homogeneous small colloidal gold particles.126,132 This theory, thereafter referred to as
Mie theory, has been expanded to include non-spherical particles (coated and
cylindrical). Rigorous mathematical description of this theory is published in different
books and review papers.126,127,129,130

Unlike Rayleigh scattering, in Mie scattering,

particles are no longer considered a point source of scatter. Thus, scattering at larger
angles is a complex function of particle size. Deviation from Rayleigh theory appears
with more light being scattered in the forward direction and minimal scattering in the
backward direction. Pictorial representations of angle dependent scattering based on
Mie, Debye and Rayleigh scattering approximations are described elsewhere.131 Other
approximations have also been used to solve the Mueller scattering matrix for various
shapes and sizes of particles. These approximations include Rayleigh-Gans or RayleighDebye and coupled dipole approximations for arbitrary particles, diffraction
approximation for near-forward scattering, and T-matrix method for nonspherical
particles.126,127,129,133
Laser light scattering detection offers several unique advantages for the detection
of individual CPs. It is a universal detection technique, so it can be used to detect
individual CPs independent of their chemical composition or physical appearance.
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Moreover, since scattered light is dependent on various factors, scattering signal from an
individual CP can provide information about the CP. For example, collecting scattered
light intensity from individual particles near the forward direction (0-5o) can be used as
means to determine the size of individual particles or it can be used to distinguish
between dead and living cells based on their difference in refractive index.33 Despite
these advantages of light scattering, it is a non-selective detection technique. As such,
interference from bubbles, air dust, and other contaminants is unavoidable. In addition,
complicated data interpretation and calculation also limits its application.

Lastly,

individual CPs in the low nanometer range could not be detected individually using LLS.
1.4.2.2 LLS Detector
A simple laser light scattering detection design for individual particle detection
for separations can be constructed, much like the LIF detection mentioned previously. In
a separation capillary, channel, or column, individual particles are forced to pass through
the center of a laser beam which is focused using a microscope objective or lens. The
scattered light from each particle can be collected at a desired angle or angles with
respect to the incident laser light using a microscope objective. Figure 1.8 illustrates a
schematic of dual angle (forward and 90o) LLS detection. The collected light can be
spectrally filtered using an appropriate band-pass filter to reject fluorescence and Raman
scatter. The spectrally filtered light can then be spatially filtered using an appropriate
aperture size to remove undesired scattering from the walls of the separation column,
capillary or channel before the light gets to the detector, a photomultiplier tube (PMT).
When building a laser light scattering detection system as described above, it is important
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to consider the following features: scattering angle collection, laser type (wavelength,
laser power, and laser power stability), background scattering, focusing and collection
optics, and spatial filters.

Figure 1.8. Schematic of dual angle (forward and 90o) LLS detection system. Key: M,
mirror; L, lens; C, capillary; MO, microscope objective; BP, band-pass filter; BD, beam
dump; PH, pinhole; PMT, photo-multiplier tube; RC, low-pass RC filter; ADC, analogto-digital converter.
Laser power is a factor in determining the performance of LLS detection.
Increasing laser power increases the scattering intensity from a particle. However, an
increase in laser power also increases interferences such as luminescence and Raman
scattering. Hence, optimization of laser power is required in order to obtain optimal S/N.
In addition to laser power, power stability of a laser also plays a substantial role in the
detection of single CPs. Instability in laser power results in fluctuation of scattered light
obtained from individual particles of the same size and creates high background noise.
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Diode lasers have been shown to have a more stable power output than their conventional
counterparts such as He-Ne, Ar+, and He-Cd lasers.134-136 Besides high power stability,
diode lasers are smaller in size and available in a wide range of wavelengths (from near
UV to near IR). These features make them compatible with the detection of CPs.
Light collection power of a lens is a function of numerical aperture (NA) of a
lens, which is defined as
NA = n sin θ

(1.3)

where n is the refractive index of the surrounding medium between the lens and object
and θ is the angle between the marginal ray and optical axis. Light collection efficiency
is proportional to NA2.115,137 Since the information in forward scattering is constituted at
low angles (0-5o), the use of a low NA will restrict the collection of scattering at low
angles. However, for large angle scattering and fluorescence it is beneficial to collect
light at higher efficiency using larger NA.137
Background scattering is one of the major interferences reported in LLS and LIF
detection.

This background could either be luminescence or scattering.

Inelastic

scattering and luminescence can be eliminated or minimized using spectral filtration.
However, elastic scattering from the surfaces of the separation window creates major
difficulties during the detection of elastic scattering signal from individual particles.
Spectral filtering has limited use in reducing scattered light from the surfaces of the
separation column as the detection and source of background are at the same wavelength.
A common way to minimize scattered light from the walls of the separation medium is to
use a spatial filter. Scattered or reflected light from the walls of microfluidic devices has
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been reduced using a detection probe diameter smaller than the inner diameter of the
microchip. Manz and coworkers defocused a laser beam to slightly smaller than the inner
diameter of a microchip in order to minimize scattering from the channel walls.72
Similarly, a sheath flow cuvette has also been used for the purpose of reducing
background scattering due to its flat surface in comparison to capillary.138-140
Scattering from the curved surfaces of a capillary has been reported as a major
interference in fluorescence detection.114,115,141 High background scattering from the
surface of a capillary is intuitive from the numerical calculations performed by Enderlein.
142

The simulations revealed that back-scattering intensity increases as the diameter of

the capillary increases. For this reason, microfluidic devices are commonly used in
separation of individual CPs with LLS detection instead of capillaries due to their flat
base. Several methods have been implemented to reduce scattering from the walls of a
capillary. Angling a capillary with respect to the detection optics was used to deflect
scattered light from the capillary away from the optics.114,115,143-145 Other methods such
as tilting the capillary at Brewster’s angle and using a polarized laser have also been used
to reduce scattering from the surfaces of the capillary.146 However, all of the above
techniques were used to reduce scattering during fluorescence detection. Rosenzweig
and Yeung used a mirror to reflect the collected scattered light from individual particles
over 1 m distance from the mirror and focused into a 1 mm slit.71 This technique enabled
the authors to visually discriminate between the scattered image of the walls of the
capillary and the scattered light from the particles, and then they were able to focus the
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scattered light from the walls of the capillary on the outside the entrance of the aperture
placed in front of the detector.
In the detection of CPs, the size of the spatial filter affects both S/N and the
number of particles that can be detected. Reducing the size of a pinhole reduces the
background noise, signal, and the number of particles that can be detected. However,
most reports on detection of particles using LLS detection reveal the use a pinhole size
smaller than the image of the inner diameter of the capillary or channel in order to reduce
high background noise. For example, Schrum et al. used a 200 µm diameter pinhole,
which is much smaller than the image of the inner size of the walls (1 mm) of a
microchip.73 Although no direct experimental comparison has been performed to show
the effect of pinhole size on the number of particles detected, it is generally expected that
as the size of the pinhole decreases the percent of particles detected also decreases. From
the above discussion, it is clear that selection of optics for LLS detection plays a crucial
role in the detection of individual CPs.
1.4.2.3 The Smallest Single Particle Detectable Using LLS
Light scattered intensity from particles smaller than the excitation wavelength
(Rayleigh scattering) falls off as a function of sixth power of their radius.126,127 Hence,
the report of smallest particle detection using laser light scattering for different separation
methods is inevitable. The smallest single polystyrene sphere that can be detected using
laser light scattering in a sheath flow cuvette was reported to be 176 nm and 350 nm in
diameter at 90o collection geometry and forward angle detection (12o), respectively.140
Although the smallest particle size detection limit was not determined, Hercher et al.
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were able to detect 91 nm diameter polystyrene nanospheres using flow cytometry.118 In
a later report, the smallest particle detectable at 90o scattering using custom-built flow
cytometry was determined to be 93 nm.147 Recently, Steen modified the LLS detection of
flow cytometry by using an excitation slit to lower the numerical aperture of the focusing
lens (NA = 0.12) in order to focus the laser beam onto the flow cell and collect scattered
light with high numerical aperture (NA = 1.3) and high efficiency in order to reduce the
size detection limit of flow cytometry.148 This new instrument enabled Steen to detect
particles with diameters as small as 70 nm. Although the detection of individual CPs
bigger than 550 nm in size was reported for separation of individual particles using
microchip and capillary electrophoresis with LLS detection, there has been no report on
the determination of the smallest particle size that could be detected individually.71-73
1.4.2.4 LLS Detection Applications
One major application of LLS detection has been in particle counting.72,73,107
Particle counting offers a more quantitative and also more sensitive approach to particleenhanced immunoassays. Latex immunoassays use particle counting as a means of
quantification for better sensitivity.6 This method is based on agglutination by reacting
antigen-coated latex particles of a known size with specific antibodies or by reacting
antibody-coated latex particles with antigens as shown in Figure 1.9A and 1.9B,
respectively. The agglutinated particles will then be discriminated from the unreacted
particles based on their light scattering intensity as shown in Figure 1.9C. Usually only
particles that are non-agglutinated are counted for the analysis of intracellular
components.

Electrophoretic based immuno-agglutination has been performed in
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capillaries and microchips. Yeung and Rosenzwelg used electrophoretic migration in a
capillary to separate and count individual agglutinated particles.71 Scattering intensity at
15o was used to discriminate between agglutinated particles and unreacted antibodies.

A

Antigen-coated
latex particles

Antibody

Agglutinated particle

Antibody-coated
latex particles

Antigen

Agglutinated particle

C

Scattering Intensity

B

Agglutinated particle

Antibody or antigen
coated particles

Time
Figure 1.9. Particle agglutination of (A) antigen-coated latex particles with an antibody
and (B) antibody-coated latex particles with antigen. (C) Discrimination of individual
antigen or antibody coated latex particles from agglutinated particles based on their
separation and light scattering intensities. Individual antibodies or antigens can not be
detected due to their small size.
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Generally, scattering intensities for larger particles are expected to be higher than smaller
size particles as indicated in Figure 1.9C. Hence, only scattering from agglutinated
particles was counted while the scattering from the unreacted antigens was rejected. This
way, the authors determined the concentration limit of detection of glucose-6-phosphate
dehydrogenase (G6PDH) to be 620 molecules. In addition, this method has been used to
determine G6PDH content in individual human erythrocytes.
In a similar manner, Manz and coworkers demonstrated the detection of human
C-reactive protein (CRP).72

Light scattered at 15o and 45o from electrophoretically

separated agglutinated individual particles was detected. It was observed that as the
agglutination increases, the number of individual particles with higher scattering intensity
also increases. At the same time, the number of unreacted particles decreased. However,
the authors were unable to clearly decide the cutoff signals between the unreacted particle
and agglomerated particles. Consequently, the average peak height of all the peaks was
used as a means of quantitation. Average scattering intensity was correlated with the
concentration of CRP.
In addition to the application of LLS for counting individual particles, LLS has
been used as a means to estimate the size of individual CPs.138,140

Zarrin et al.

demonstrated scattered light from individual particle to follow Mie scattering theory.
Two collection angles were used in order to correlate experimental values with Mie
theory. Small angle (12o) collection geometry demonstrated a monotonic relationship
between particle radius and scattering intensity. However, scattering intensity at 90o
collection angle was observed to be a complicated function of particle radius. Such a
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relationship between light scattering intensity and particle radius is expected due to the
destructive interference of the scattered waves.127
The separation and detection of uniform size and shape (spherical) particles have
been demonstrated over the years. However, nothing has been reported on the separation
and detection of individual nonspherical colloidal particles. With the increasing interest
in the synthesis and applications of different shapes and sizes of CPs and the ability of
scattering detection to distinguish these features, the characterization of different size and
shape CPs will become important.
1.4.3 Raman Scattering
Characterization of CPs using LIF and LLS along with different separation
techniques can provide only limited information on the chemical make of the individual
CP. However, in situations where unambiguous characterization of individual particle is
required, information-rich detection methods are required for identification of individual
CPs. One such detection method is Raman spectroscopy.
Raman spectroscopy is based on inelastic light scattering. Inelastic scattering
occurs when a molecule is excited to a virtual state and returns to a higher vibrational
level of the electronic ground state, unlike elastic scattering (Rayleigh scattering) where
the molecule returns to the ground state. This low frequency transition is termed Stokes
Raman scattering. In addition, molecules which happen to be in a higher vibrational level
of the ground state can be excited to a virtual state and relax back to the ground state.
This high frequency transition is termed anti-Stokes Raman. Since the probability of a
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molecule residing in a higher vibrational level of the ground state is low, the Stokes
Raman band is more intense than the anti-Stokes Raman band.
Raman spectroscopy suffers from poor sensitivity and has found limited
applications. For this reason several other types of Raman scattering, such as resonance
and surface-enhanced Raman scattering, have been used to enhance sensitivity.

In

resonance Raman scattering (RRS), molecules are excited using laser beam frequency
closer to the electronic absorption band of the molecule. Another way of enhancing
Raman scattering is by adsorbing analyte on the surfaces of colloidal metal particles such
as silver and gold. This enhancement is referred to as surface-enhanced Raman scattering
(SERS).149-151
Raman vibrational bands can provide information about chemical structure, which
leads to selective detection of analyte. Raman scattering has been used as a means of
detection for molecules after a separation step.152

It has also been used for the

characterization of individual CPs without separations.153-155 The main advantage of
Raman spectroscopy for the detection of individual particles comes from the presence of
additional vibrational bands associated with the morphology of the particle. This can
enable the technique to distinguish between irregularly and spherically shaped particles.
Recently, Doorn et al. made use of the advantages of Raman spectroscopy in the
detection and characterization of individual and bundles of single-walled carbon
nanotubes that were separated using capillary electrophoresis.156 Different vibrational
bands were used to interpret the separation of carbon nanotubes. These bands were used
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as a means of identifying bundles, aggregates, individual nanotubes, or different sizes of
aggregates.
1.4.4 Quantitation
1.4.4.1 Means of Quantification: Peak Number, Peak Area, and Peak Height
Quantitation in single particle detection using optical detection methods can be
performed based on the number of peaks, peak area, and peak height.71,72,76,78,81-83,111 One
key difference between the detection of population and individual CPs detection is the
difference in peak width difference. A single peak, in detection of a CP population,
represents between a few thousand to millions of particles.62

This peak width is

dependent on the heterogeneity of the electrophoretic mobility of individual CPs.108 In
single particle detection, determination of peak width plays an important role. Peak
width at half maximum is determined by the time required for an individual CP to cross a
detection beam. A constant peak width ranging from 60 to 90 ms was reported from the
detection of individual organelles.74,77,78,82,83,110,111 Peak width can, therefore, serve as a
way to discriminate between single particle events and the occurrence of two or more
particles at the detection window at the same time. In some instances, peaks wider than a
couple of seconds have been reported during individual particle detection that were due
to the detection of fluorescent molecules.82,84,111 Gunasekera and coworkers used peak
width as a means of discriminating individual fluorescence events from DNA associated
with individual nuclei (180 ms wide) and cell culturing media and free DNA intercalated
with the fluorescent label hexidium iodide that are 6-90 s wide.75
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Direct counting method is a straightforward method of quantification.

The

number of particles injected into a capillary or column by electrokinetic/pressure
injection can be calculated from the electrophoretic mobility of the particle, injection
time, applied injection force (electric field or pressure), and the inner diameter of the
capillary or column used for separation. A comparison between the experimentally
determined and predicted number of particles can serve as a means of standardizing the
detection efficiency for a given instrument. Such analysis has been performed using
fluorescently labeled polystyrene latex spheres of various sizes.70

The detection

efficiency was observed to decrease from 85% to 5% as the as size of the particles
decreased from 1 µm to 200 nm.

There are several possible explanations for the

observed difference in detection efficiency. The number of 200 nm particles injected was
approximately twice the number of 1 µm particles injected. Due to the significant
difference in the number of 202 nm particles injected, multiple of the 202 nm particles
could pass through the detection window at the same time or could pass outside the
detection window without being detected. In an earlier publication, Duffy et al. reported
only 80% of the recorded signals from individually detected liposomes was attributed to
the fluorescently labeled liposomes, with the remaining 20% attributed to the scattered
light from individual liposomes not labeled fluorescently labeled.74 Despite their promise
to use a high optical density (OD) notch filter in subsequent experiments to reduce LLS
events,74 the authors of the later papers70,77,78,81,82,84 use the same notch filter during their
individual microsphere detection, and light scattering events could possibly contribute to
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the higher detection efficiency of the larger particles as larger particles scatter light more
than smaller size particles.
A direct comparison between CE and flow cytometry has been done for the
separation of individual platelets and platelet-derived microparticles (PMP).84 Platelets,
platelet-derived microparticles, and a mixture of these particles were separated using CE
based on their differences in electrophoretic mobility. Detection was performed using
LIF by labeling PMPs and platelets with a FITC-labeled antibody against CD41a
glycoprotein (found on the surface of platelets) and FITC-labeled Annexin V for isolated
PMPS. Flow cytometry was also used to count individual platelets and PMPs. In flow
cytometry, PMPs were distinguished from platelets based on their light scattering
intensity. Fewer PMPs were counted using flow cytometry in comparison to CE-LIF.
However, the S/N for CE-LIF was found to be lower than flow cytometry by a factor of
20.
In addition to the above study, the number of fluorescent and scattered events
have been used in quantitation of organelles83 and agglutinated polymeric colloidal
particles.71,72 For example, the number of acidic organelles per cell was estimated from
the cell density, volume of sample injected, and the number of individual fluorescent
events.83
Peak height and area have been used as a means to estimate the amount of
material in an individual CP.76,78,82,83 Peak height was used to estimate the number of αtubulin molecules per unit subcellular aggregate76 and the number of nanospheres that
were ingested by individual acidic organelles via pinocytosis.82 Moreover, the amount of
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DOX and cardiolipin in individual acidic organelles83 and mitochondria78 were also
estimated using the fluorescence intensity from individual acidic and mitochondria,
respectively.

Figure 1.10. Electropherogram for the separation and detection of individual 6 µm
diameter polystyrene beads using CE with LLS detection at 15o (upper trace) and 45o
(lower trace). Conditions: Particles focused hydrodynamically to a sample stream width
of 30 µm and microchip depth was 50 µm. Data acquired at 10 kHz. Reproduced by
permission of The Royal Society of Chemistry.72
1.4.4.2 Variability in Scattered Light and Fluorescence for Same Size Particles
A frequent problem in detection of individual CPs is the variability in scattered or
fluorescence signal intensity from the same size particles. Different research groups have
reported variation in individual scattering and fluorescence from the same size particles.
The relative standard deviation in fluorescence or scattered light intensity from the same
particle sizes has been reported to vary from 20-30%.38,70,72-74,138-140 Despite this wide
deviation in the experimental scattering intensity for the same size particles, the average

49

values have been reported to be reproducible from run to run.72 Figure 1.10 shows
electropherograms for the separation and detection of individual 6 µm diameter
polystyrene beads using CE with LLS detection at two different angles (15o and 45o).72
As seen in Figure 1.10, light scattering intensity among same size individual particles
varies greatly.
The wide variation in scattering intensity among individual particles of the same
size was earlier reported to be dependent on the trajectory path of the particle through the
Gaussian distribution of the laser beam.139

This dependence of scattering intensity

variation on particle flow trajectory is illustrated in Figure 1.11. As seen in Figure 1.11,
relative standard deviation was observed to increase as the ratio between the sample
stream radius to the laser beam spot size increases.

Figure 1.11. Effect of sample stream width (R) to laser beam spot size (ω) on the
relative standard deviation of the scattered light intensity.
Open circles are
experimentally obtained data and the solid line is predicted value obtained by simulation.
Reprinted with permission.139 Copyright 1987 American chemical Society.
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Laser beam intensity has a Gaussian beam intensity profile defined as

 − 2r 2 
I (r ) = I o exp 2 
 wo 

(1.4)

where wo is the radius of a focused laser beam and r is radial distance. Taylor and Yeung
imaged electrophoretically separated fluorescent particles (282 nm diameter carboxylatemodified fluorescing latex microsphere) in a capillary using a CCD camera.157 This work
demonstrated the dispersion of particles in the capillary during the course of separation.
The intensities of 282 nm particles observed across the diameter of the capillary was not
uniform. Recently, the variability of laser intensity in different sections of a microfluidic
device has been demonstrated using fluorescence signal monitored from different
sections of the microfluidic device.38 Due to the variation of source intensities which
arises from Gaussian distribution of the focused laser beam, the trajectory of a particle
through the channels of a microfluidic device affects scattering or fluorescence intensity
accordingly. Approximately 30% relative standard deviation in fluorescence intensity
was observed depending on the path of the chromophore in the microfluidic device.38 A
particle passing through the center of the laser beam profile is expected to have higher
scattering or fluorescence intensity than a particle passing through the lower intensity
portion of the laser beam profile. This distribution is undesirable in characterization of
individual CPs using both fluorescence and scattering detection methods.
Different research groups have used various techniques to overcome the
aforementioned fluctuations in light scattering or fluorescence intensities for the same
size particles. Zarrin and Dovichi used a sheath flow cuvette to reduce such an effect.139
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Since particles are hydrodynamically forced to pass through the center of the detection
spot, it minimizes the scattering fluctuations that could arise from the Gaussian shaped
beam intensity. This approach was used to constrain the particles to travel in narrow
paths through the center of the laser beam. Using this method, Zerrin et al. generated
light scattering signals with 2% relative standard deviation.139
Confinement of particles in microchips has also been reported using
hydrodynamic,38,72 electrophoretic,73,85,158-160 and dielectrophoretic forces.39

Three-

dimensional focusing can also be performed in microfluidics.161 Using electrokinetic
focusing a sample stream can be focused as tight as 3.3 µm in an 18 µm wide channel.158
Schrum et al. reported the use of electrokinetic focusing of polystyrene particles in a
microchip device to obtain RSDs of 24 % and 14% by restricting the sample flow to 15%
of the microfluidic channel width for 0.972 and 1.94 µm polystyrene particles,
respectively (Figure 1.12).73 Recently, a variation of 11.2% in light scattering from 10
µm particles was reported by restricting the particle flow using two focusing sheath
flows.159 However, no report has been provided on the fluctuation in scattering intensity
in capillaries where no focusing force (sheath flow) was used. Although there are no
reports on the effect of electrokinetic focusing on the detection of particles, Yang et al.
discussed the effect of focusing on the shape of the sample injected using model
simulations.162,163
Correction of the Gaussian beam using optical systems has been reported in the
detection of individual particles.

In commercial flow cytometers, a combination of

crossed cylindrical lens pair and sheath flow are used to reduce the effect of the
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Figure 1.12. CCD image (5 s exposure time) of electrokinetically focused 1.88 µm
diameter fluorescently-labeled polystyrene particles to a sample stream width of ~7-8 µm
using a focusing field strength of 300 V/cm. 100 V/cm was used for separation.
Reprinted with permission.73 Copyright 1999 American Chemical Society.

nonuniform illumination of a particle.33,164,165 A cylindrical lens converts a circular beam
into an elliptical spot.

This elliptical beam shape can provide two advantages in

comparison to a circular beam. First, since one dimension is narrower than the other,
particles can pass through the narrower laser beam dimension and be exposed to a
narrower intensity distribution, thereby, reducing fluctuations in fluorescence or
scattering intensity from individual particles. Moreover, the longer dimension of the
focused laser beam will illuminate most of the separation column, reducing the
probability of a particle passing undetected (increasing the percent detection).
Hoffnagle and Jefferson developed a new optical system for transforming a
collimated Gaussian laser beam distribution into a collimated broad flat-top beam.166,167
This optical system, a Keplerian beam shaper, implements only a pair of aspherical lenses
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in which the first lens is used to redistribute the laser light and the second lens is used to
recollimate the beam. Ross and Skinner made use of this device to detect a two bead
immunoassay, where two kinds of spheres (antigen-coated sphere and antibody-coated
smaller sphere) are used to detect antigens by agglutination in a microfluidic device.168
Although the authors describe the detection of individual particles, nothing is reported on
the improvement of the variability of the fluorescence intensity among individual
particles of the same size using the beam shaper.
Additional causes for the variability in scattering or fluorescence intensity of the
same size particles were reported to be due to agglomeration or two particles passing
through the detection window at the same time. According to data analysis analogy of
Duffy et al., signals from individual 6 µm polystyrene fluorescent particles were
classified into three categories based on their fluorescence intensity; low intensity signals
(below 2.5 V response of PMT), average signals (between 2.5 and 5 V), and high signals
(above 5 V). Four percent of the events were correlated to fragmented beads (low signal)
and 24% of scattering events corresponded to aggregated events (high signal).74
Although an online detector was not implemented to observe aggregated particles during
separation, an off-line microscope indicated aggregation of polystyrene beads and
nothing is reported on the fragments of polystyrene beads. After eliminating aggregated
and fractured particle signals, a 10% relative standard deviation in fluorescence signal
was reported. However, no explanation is given for the variation in trajectory of the
particles through the focused laser beam. Similar observations have been reported on the
variable fluorescence intensities of same size particles.
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1.5 Concluding Remarks

This chapter has summarized the advances in optical detection methods for the
separation of individual CPs. Individual CPs, being of various sizes, shapes, and origin,
are important in different perspectives of science, medicine, environment, and industry.
Although ensemble and direct counting methods have been used to characterize CPs,
separation techniques with various optical detection methods provide better
quantification and characterization of individual CPs. The separation and detection of
individual CPs based on their physical and chemical properties provide a twodimensional characterization that cannot be obtained by individual detection methods.
Optical detection methods such as laser light scattering, laser-induced fluorescence, and
Raman scattering have revealed the size and morphology of a particle. Despite the
advantages of Raman and mass spectroscopy, currently, there are limited uses for
information-rich detection methods. Challenges in coupling these detection methods
with separation techniques and low sensitivity are the key limitations.

Capillary

electrophoresis has become the method of choice for the separation of individual particles
due to the electrophoretic heterogeneity of CPs and ease of coupling to sensitive
detection methods such as LIF and LLS. The advance of microchip and detection
systems in separation science is another frontier in the development of individual CP
characterization.
1.6 Goals of This Research

Neurodegenerative diseases such as Alzheimer’s, Huntington’s, Parkinson’s, and
Prion diseases are associated with abnormal protein aggregation and deposition. Protein
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aggregates are heterogeneous mixtures of various sizes and shapes. Although different
techniques have been used to characterize protein aggregates, none of the methods used
give a clear understanding of the structure or formation of these particles. Therefore,
there is a need for additional techniques to characterize heterogeneous mixtures of protein
aggregates. A technique that can quantify and characterize monomers, intermediate
aggregates (protofibrils), amyloid fibrils, and other protein aggregates would benefit
biochemists, bioengineers, and medical researchers.
The overall objective of the research presented in this dissertation is to develop
analytical techniques for the analysis of heterogeneous mixtures of submicron particles
and protein aggregates. The relationship between the research described in Chapters 2-5
of this dissertation to the overall goal is described below.
Chapter 2. Most amyloid-β protein aggregates are natively non-fluorescent,

hence, it is necessary to develop a technique that can be used to label protein aggregates
just after their separation to avoid the effects of the derivatizing reagents and multiple
reaction products on their separation. The gap reactor is a successful online reagent
addition device for capillary electrophoresis (CE). However, the difficulty of reactor
construction has limited the wide spread use of gap reactors for on-line reagent addition
for CE. In Chapter 2, a technique for reproducibly constructing perfectly aligned gaps in
fused-silica capillaries for postcolumn reagent addition with CE was developed to take
advantage of laser-induced fluorescence (LIF) detection. This device could be used for
the detection of protein aggregates by derivatizing the aggregates using specific
fluorogenic binding dyes or chemical derivatizing reagents.
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Microlithographically

constructed analytical devices in planar glass and polymer substrates offer superior
design flexibility compared to capillaries. However, the technique of gap construction
developed in this section is useful in cases where access to microlithographic techniques
is limited.
Chapter 3. Laser-induced backside wet etching (LIBWE) has been used for

micromachining of transparent materials such as fused silica, calcium fluoride, and
quartz. The method has been reported to use less fluence energy than the conventional
ablation (with no solution) and created less damage on the surface of these transparent
materials where ablation occurred. The advantages of LIBWE were explored by adapting
the system to the technique developed in Chapter 2. The developed technique could
create gaps of various sizes using different solvents. The separation efficiency and
derivatization of protein aggregates could, therefore, be optimized by varying the gap size
using different solvents.
Chapter 4. The goal of this chapter is to develop a method to characterize

individual spherical submicron particles of various sizes using CE with laser light
scattering (LLS) detection at 90o. Individual spherical polystyrene beads have been
characterized using the CE-LLS system and the instrument’s detection limit (smallest
diameter particle that can be detected individually) has been determined.

The

characterization and determination of limit of detection are necessary when the system
will be used to characterize individual protein aggregates and other submicron particles
that are heterogonous mixtures of various sizes and shapes.
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Chapter 5.

We developed the instrument described in Chapter 4 to

simultaneously collect scattered light at two different angles (20o and 90o) and
fluorescence (90o) in order to obtain more detailed analysis of protein aggregates. The
scattered light intensity in the forward direction (20o), intensity at 90o, and the scattering
ratio (intensity at low angle/intensity at 90o) will be used to characterize protein
aggregates. Laser-induced fluorescence will enable us to detect aggregates below the
detection limit of LLS detection. Non-fluorescent particles such as protein aggregates
can be detected using LIF by labeling with fluorogenic dyes, which bind the aggregates
noncovalently or using derivatizing reagents, which label the aggregates covalently.
Aggregates will be labeled on-column using gap reactors constructed in Chapter 2 and 3
or microchip devices. It is essential to characterize the CE-LLS/LIF system using model
analytes of known size and shape that resemble target protein aggregates. Individual
model rod-shaped particles will be characterized using this instrument. Data obtained
using this method and data from Chapter 3 will serve as a basis for interpreting data from
individual protein aggregates.
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CHAPTER 2
LASER ABLATION CONSTRUCTION OF ON-COLUMN REAGENT
ADDITION DEVICES FOR CAPILLARY ELECTROPHORESIS*
2.1 Introduction

On-line addition of chemical reagents has played an essential role in the
development of capillary electrophoresis (CE) as a versatile separation technique at the
heart of wide variety of new analytical methods. Initially, on-line reagent addition was
used for postcolumn derivatization with fluorescence detection.169-173 On-line addition of
chemical reagents has been central to the development of chemiluminescence detection
for CE.174,175

Additional applications of on-line reagent addition for CE include

electrochemical detection,176,177 bioaffinity detection,178,179 enzyme assays180 and
electroosmotic flow monitoring.181
A variety of interfaces have been developed for on-line reagent addition with
CE.169,174,175 A recent review by Zhu and Kok divides on-line reagent addition device
designs into four categories: coaxial reactors, gap reactors, free solution reactors and
sheath flow cuvette reactors.169 The coaxial reactor is one of the earliest reported designs
and one of the most commonly employed designs.169,171,174,175 The separation capillary is
inserted into a reaction capillary, and the reagent is introduced into the reaction capillary
by pressure or an applied potential. Gap reactors have also been used extensively and
will be discussed in more detail later.169,174,175,182

Free solution reactors, where the

reaction and detection take place in the buffer reservoir at the detection end of the

*

Reprinted by permission from Analytical Chemistry
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capillary, have also been used occasionally.169,174,175,183 Sheath flow cuvettes have been
developed for CE primarily to reduce light scattering for fluorescence detection,184 but
this design has been used less frequently for postcolumn reagent addition.169,174,175,185-187
Microlithographically constructed analytical devices in planar glass and polymer
substrates have been used for on-column reagent addition integrated with electrophoretic
separations.188-193

Microfabricated devices in planar substrates offer superior design

flexibility compared to capillaries. However, there is an important role for on-line
reagent addition with capillary-based electrophoretic systems, especially for applications
that require small volume sampling and specialized applications where the economy of
scale advantages of microfabricated systems do not apply.
The gap reactor is a simple and effective device for on-line reagent addition for
CE separations.169,174,175,182,194 Reagents are added on-line through a small gap (typically
3-100 µm) between two capillaries based on either diffusion or a higher flow rate in the
reaction capillary relative to the separation capillary. Separated compounds migrate
across the gap from the separation capillary into the reaction capillary. Flow in the
reaction capillary can be generated by either an applied potential or a pressure difference
between the gap buffer reservoir and the other end of the reaction capillary. The gap
reactor design has been successfully applied to on-line reagent addition for postcolumn
derivatization,169,170,182

chemiluminescence

detection,174,175

electrochemical

detection,176,177 bioaffinity detection178 and enzyme assays.195 These devices have also
been used for transfer of digested peptides from an enzyme-modified capillary to a
separation capillary,196 as a detection cell for confocal laser-induced fluorescence
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(LIF),197 and for continuous single cell introduction and lysis.198 A related approach has
been used for postcolumn reagent addition for continuous electrophoretic separations in
thin channels.199
The difficulty of reactor construction is a common limitation of the two most
popular designs for on-line reagent addition for CE, coaxial reactors and gap reactors.
The best performance for coaxial reactors systems has been achieved using capillaries
etched with hydrofluoric acid.169,171,179,200 The etched capillaries are extremely fragile,
and the etching procedure requires careful attention and uses dangerous reagents. The
performance of gap reactors is critically dependent on the alignment of the two capillaries
and the distance between them.169,176,194,201,202

The first reported gap reactor was

constructed by aligning two capillaries 10-50 µm apart in a machined reactor cell and
securing the capillaries in place using ferrule-based fittings.182

This alignment and

spacing is difficult to accomplish in practice. Micromanipulators have been used to align
capillaries under a microscope.176,194,196 Gap reactors have been aligned by inserting the
capillaries into permeable tubing and by using small wires to guide alignment of the
capillaries.169,177,198,203-205 Two related approaches have been developed to simplify gap
construction.201,206 Both approaches are based on cleaving a single, secured capillary to
create a gap reactor. While these two approaches have been used to produce functional
reactors, they both require manual cutting of the capillary under a microscope. It is
difficult to control the size of the gap using both approaches. Development of a simple
and reproducible method for constructing coaxial reactors or gap reactors will make it
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more practical to use on-line reagent addition for CE and will expand the development of
new analytical methods based on on-line reagent addition.
One of the earliest reports of on-line reagent addition for CE used laser ablation
for device construction.172 Pentoney and coworkers used a CO2 laser to drill a hole
through the bore of a 75 µm i.d./375 µm o.d. capillary. This hole was then used to
manually interface two additional capillaries to the drilled capillary to form a cross
connector which was used for postcolumn derivatization and LIF detection. Despite this
early report and advances made in laser-based micromachining of fused silica,207-210 the
application of laser ablation for construction of capillary electrophoretic devices has been
limited. Girault and coworkers reported the application of UV laser ablation with an
excimer laser to construct a microfluidic device in a polymer substrate.207-212 Recently,
Lunte and Osbourn used a CO2 laser to etch a series of holes along the length of a
capillary.213 These structures were used to construct a cellulose acetate decoupler for
electrochemical detection with CE.
In this chapter, a reproducible method based on laser ablation for constructing
small

(<20

µm),

perfectly

aligned

gaps

between

two

capillaries

without

micromanipulation under a microscope, HF etching, or use of column fittings is
presented. The reproducibility of this gap construction technique has been investigated.
The performance of these capillary gaps for on-line reagent addition for CE has been
examined by using the capillary gaps to perform postcolumn derivatization for LIF
detection of amino acids and proteins.
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2.2 Experimental
2.2.1

Gap Construction

A 50 µm i.d./220 µm o.d. fused-silica capillary (SGE; Austin, TX) was secured to
a microscope slide (Fisher Scientific; Pittsburgh, PA) at two points for gap construction
with 5 Minute Epoxy (ITWDevcon; Danvers, MA) using a mount designed to position
the capillary at a reproducible distance (~950 µm) from the microscope slide surface.
Capillaries for ablation tests were secured to the slide at multiple points so that multiple
gaps could be cut on a single slide. After the epoxy cured, the microscope slide was
placed on a translation stage (423 Series; Newport; Irvine, CA) for laser ablation near the
focal point of a fused-silica cylindrical lens (focal length=10 mm) (01LQC407; Melles
Griot, Carlsabad, CA) as illustrated in Figure 2.1. The optimal distance between the
capillary and cylindrical lens was determined by translating a test capillary along the axis
of the laser beam from the Nd:YAG laser (ML-II; Continuum; Santa Clara, CA), cutting
a series of gaps and locating the position that produced the smallest gap. A plano convex
lens (focal length=100 mm) (H45274; Edmund; Barrington, NJ) was used to focus the
beam from a laser pointer (λ = 650 nm)(Quarton Inc.; His-Chih, Taipei Hsien, Taiwan)
onto the capillary. The laser pointer was placed on a translation stage so that it could be
moved in the same direction as the path of the Nd:YAG laser beam. The laser pointer
was moved for each successive step during the location of the optimal distance between
the capillary and the cylindrical lens. Once the optimal distance was located, a capillary
could be reproducibly positioned at this point using the laser pointer as a reference. The
second harmonic output from the Nd:YAG laser (532 nm) was used for laser ablation. A
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computer program written in LabView (National Instruments; Austin, TX) was used to
control the frequency and number of pulses produced by the Nd:YAG laser. The pulses
from the Nd:YAG laser were attenuated by a high energy variable attenuator (935-3OPT; Newport).
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Figure 2.1. Schematic of the laser ablation system. Key: (1) laser pointer, (2) plano
convex lens, (3) capillary, (4) microscope slide, (5) epoxy, (6) cylindrical lens, and (7)
Nd:YAG laser. Double arrows indicate the movement of the microscope slide and the
laser pointer on separate translation stages for adjustment of the distance between the
capillary and the cylindrical lens (diagram not to scale).
2.2.2

Reactor Construction

After construction of the gap, a reagent reservoir (~1.5 mL) was formed by
sealing a polyethylene stopper from a 5 mL vial (03-339-27B; Fisher Scientific) with 5
Minute Epoxy.201 A hole was drilled with a hot metal wire on the top of polyethylene
reservoir, and a 2 cm Teflon tube was fitted on the hole and attached with 5 Minute
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Epoxy as illustrated in Figure 2.2. Solutions were added to and removed from the
reservoir by a syringe through the Teflon tubing.
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Figure 2.2. Schematic of a gap reactor. Key: (1) separation capillary, (2) reaction
capillary, (3) gap reservoir, (4) Teflon tubing used for sample introduction, (5) epoxy, (6)
capillary gap, and (7) microscope slide.
2.2.3

Gap Size Measurement

Gaps created were examined using a video trinocular head zoom microscope
(52353; Edmund), and an image was collected by a CCD camera (GP-KR222; Panasonic,
Japan). The image was captured by VIDCAP 32 software (Microsoft) and saved as a
single frame. The saved file was opened using Scion software (Scion Corp.; Frederick,
MD), and the gap width was recorded in pixels using this software. The number of pixels
was converted to micrometers by calibrating the software with a three-point calibration
using a 0.01 mm standard micrometer (12-562-SM; Fisher Scientific).
2.2.4

CE with LIF Detection

Tests of gap performance were conducted by separating fluorescein and coumarin
334 and using LIF detection with a He-Cd laser (2056 MA03; Melles Griot; Santa Clara,
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CA) for excitation. The 325 nm line was removed by a 442 ± 10 nm band pass filter
(52620; Oriel, Stratford, CT) and the 442 nm beam was focused on the capillary by a
fused-silica plano convex lens (focal length = 12.7 mm) (4116; Oriel). Fluorescence was
collected using a 20× microscopic objective (Edmund) and was filtered by a 465 nm long
pass filter (03FCG 465; Melles Griot). The fluorescence signal was spatially filtered by a
1 mm diameter aperture (Oriel) and detected by a photomultiplier tube (PMT) (HC120;
Hamatsu, Bridgewater, NJ). The PMT output was then filtered by a 50 Hz low pass filter
and sent to an analog to digital board (Lab-PC-1200; National Instruments). A computer
program written in LabView was used for data acquisition. Data were acquired at 10 Hz.
The acquired data were analyzed by Peak Fit (SPSS Inc., Chicago, IL). For postcolumn
derivatization experiments, an Ar ion laser was used for excitation at 457.9 nm (1.5 mW)
(Lexel-3500; Lexel Laser, Inc., Fremont, CA), and two 495 nm long pass filters (51292;
Oriel) were used. The rest of the conditions were the same as for the He-Cd laser system
above.
2.2.5

Postcolumn Derivatization

A gap reactor constructed from a single capillary (50 µm i.d./220 µm o.d.) was
filled manually by injecting a 50 mM borate buffer (pH 9.5) with a syringe. The capillary
on each side of the gap was filled independently until buffer was observed to flow from
the capillary into the gap. After the capillary was filled with borate buffer, the reservoir
was filled with either the postcolumn derivatization solution or the running buffer. A
positive high potential was applied at the injection reservoir, and the detection capillary
was grounded. The gap reservoir was floated. The gap reservoir and the two ends of the
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capillary were set at the same height to minimize gravity flow. A 25 kV potential was
applied for 20 min before the introduction of analyte. Electrokinetic injection was used
for all experiments. A stock solution of Naphathalene-2,3-dicarboxyaldehyde (NDA)
(3.3 mM) was prepared in methanol and stored at 4 oC. The derivatization solution was
prepared daily by diluting the stock solution to 1.0 mM NDA in 50 mM borate buffer (pH
9.5) and adding 4.5 mM 2-mercaptoethanol.214 The final methanol concentration in the
derivatization solution was 30%.
2.2.6

Chemicals

Fluorescein, α-lactalbumin, β-lactoglobulin A, β-lactoglobulin B, and transferrin
were obtained from Sigma Chemical Co. (St. Louis, MO), and DL-Aspartic acid and L(+)-glutamic acid were obtained from Fisher Scientific. Boric acid was supplied by J. T.
Baker Chemical (Phillipsburg, NJ). Naphathalene-2,3-dicarboxyaldehyde was purchased
from Fluka (Milwaukee, WI).

2-Mercaptoethanol, coumarin 334, and glycine were

obtained from Acros (Pittsburgh, PA). All solutions and buffers were made in doubly
distilled water.
2.2.7

Safety Considerations

The Nd:YAG laser used in this work can cause permanent and severe eye
damage.

Appropriate precautions should be taken when working with this laser,

including the use of laser safety goggles and careful confinement of the beam. Caution
should be used when working with high voltage for CE. Contact with the floated gap
reactor should be avoided while the high voltage is turned on.
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2.3 Results and Discussion

A simple system composed of a Nd:YAG laser, a cylindrical lens and a capillary
glued at two points to a microscope slide is used to cut small gaps (<20 µm) in a fusedsilica capillary by laser ablation (Figure 2.1). The laser beam from the Nd:YAG laser is
focused by the cylindrical lens to a line image on the capillary so that the laser light will
ablate across the capillary bore along the Z-axis in Figure 2.1. Once the optimal capillary
position for cutting is located near the focal point of the cylindrical lens, additional
capillaries are placed at this same spot to reproducibly construct additional gaps. An
optimized gap created using this method is shown in Figure 2.3.

C
B
A

Figure 2.3. Photograph of a 10.9 µm gap (at B) in a 50 µm i.d./220 µm o.d. capillary
created using 400 pulses at 15 Hz and 13.5 mJ/ pulse. (A) Front, (B) center, (C) rear of
the capillary relative to the ablating beam.

Inconsistent results were obtained for initial attempts to cut gaps in capillaries
using this approach despite the care taken to secure the capillaries with epoxy at a fixed
distance from the surface of the microscope slide (~950 µm). It was determined that
variability of the microscope slide thickness (± 50 µm tolerance) resulted in inconsistent
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placement of the capillary relative to the optimal position with respect to the cylindrical
lens. A laser pointer and a simple objective lens are used to overcome this problem. The
beam from the laser pointer is initially focused to a small spot on the capillary with a
plano-convex lens with the focal point at the height of the Nd:YAG beam used for
capillary cutting. When the light from the laser pointer hits the surface of the capillary,
light is scattered.

The scattered light is imaged onto a screen placed behind the

microscope slide relative to the Nd:YAG laser. Depending upon the position of the
focused beam on the capillary (at the front, at the bore, or at the rear relative to the
cylindrical lens) distinct images of the scattered light are observed on the screen. For
consistency, the position at which light scattered from the rear side of the capillary was
selected as a reference. Using this approach a capillary can be repositioned with an
experimental uncertainty of ± 2 µm.
Capillary ablation was carried out both with and without the polyimide coating on
the capillary present at the point of ablation. The polyimide coating was removed by a
gas flame for experiments with bare capillaries. Pulse energies of 8.0, 9.0 and 10.0
mJ/pulse were used for ablation using 400 pulses at 15 Hz with the polyimide removed.
No cut was obtained using 8.0 mJ/pulse (three attempts), and only one completely cut gap
was obtained using 9.0 mJ/pulse (seven attempts). A pulse energy of 10.0 mJ resulted in
87% complete cuts. However, the gaps obtained had large cracks and pieces missing,
and the gap size and shape were not reproducible.

Such laser-induced damage is

expected using nanosecond pulses for ablation of fused silica.207-210,215 No complete gaps
were obtained (five attempts) using 400 pulses at 10.0 mJ/pulse and 15 Hz with the
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polyimide coating in place at the point of ablation. However, at a pulse energy of 13.5
mJ/pulse, gaps such as that shown in Figure 2.3 were reproducibly obtained. Although a
higher pulse energy is required to cut gaps with the polyimide coating in place, the gaps
produced contain fewer fractures and missing pieces. The structural support provided by
the polyimide coating may reduce fracturing during ablation. All further gaps have been
cut with the polyimide coating in place.
Determination of gap size and examination of gap shape were performed using a
microscope, viewing the gap from the same relative position as that of the laser pointer,
orthogonal to the Nd:YAG laser beam. An image of a typical, optimized gap is presented
in Figure 2.3. Imaging from this direction provides the clearest indication of whether or
not the gap has been completely cut, defined as cleavage from front to back without any
polyimide coating or fused silica spanning in the gap. This imaging approach enables the
observation of three distinct sections of the gap. The part of the ablated gap nearest the
cylindrical lens during ablation is labeled (A), the gap at the bore of the capillary is
labeled (B), and the part of the gap farthest from the cylindrical lens is labeled (C). As
shown in Figure 2.3, the gap is largest at (A) (34.9 µm) and smallest at bore of the
capillary (10.9 µm). At (C) the gap is 11.9 µm. This shape resembles the shape of holes
drilled in quartz plates by laser ablation in other studies.208-210
2.3.1

Optimization of Gap Cutting

The gap size at positions A, B, and C was studied as the distance between the
cylindrical lens and the capillary was varied. The capillary was positioned from 9.06 mm
to 9.94 mm from the front of the cylindrical lens. As seen in Figure 2.4, the gap size at
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the front (A) and at the bore (B) of the capillary decreases as the capillary approaches the
focal point of the cylindrical lens. However, little change in gap size is observed at the
rear of the capillary (C). The smallest gaps at the bore of the capillary (B) were obtained
between 9.40 to 9.60 mm. A distance of 9.50 mm was selected for optimal ablation.
This position was reproducibly relocated from experiment to experiment using the laser
pointer reference.
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Figure 2.4. Effect of distance from the capillary to the cylindrical lens on gap size. (●)
is the gap size at the front of the capillary nearest the cylindrical lens (A, Figure 3), (●) is
the gap size at the capillary bore (B, Figure 3), and (▼) is the gap size at the rear of the
capillary (C, Figure 3). Conditions: 50 µm i.d./220 µm o.d. capillary ablated by 400
pulses at 15 Hz and 13.5 mJ/pulse. Lines through the data were added as a visual aid.

The effects of varying laser pulse energy, pulse number, and pulse repetition rate
were characterized to optimize the gap size and percentage of gaps successfully cut. The
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effect of varying the pulse energy between 12.0 and 14.0 mJ/pulse on the gap size has
been studied at constant frequency (15 Hz) and number of pulses (400 pulses). Gap sizes
(at the bore of the capillary) of 14.6 ± 1.9 µm (n=16), 13.9 ± 1.0 µm (n=17), and 14.6 ±
1.5 µm (n=16) were obtained for pulse energies of 14.0, 13.5 and 13.0 mJ/pulse,
respectively. The percentages of completely cut capillaries obtained were 89% (16/18),
94% (17/18), and 89% (16/18) for pulse energies of 14.0, 13.5 and 13.0 mJ/pulse,
respectively. The gap size and the number of completely cut capillaries showed no
significant differences from 14.0 to 13.0 mJ/pulse. Below 13.0 mJ/pulse the percentage
of the completely cut capillaries dropped rapidly. No completely cut capillaries were
obtained using a pulse energy of 12.0 mJ/pulse for three trials. Pulse energies above 14.0
mJ/pulse generated more damage (primarily cracks) in the capillary. A pulse energy of
13.5 mJ/pulse was selected for studying pulse number and repetition rate.
The effect of varying the pulse frequency on the gap size was studied. Pulse
frequencies of 15, 7 and 1 Hz were used while constant pulse number (400 pulses) and
pulse energy (13.5 mJ/pulse) were maintained. Gap sizes of 13.9 ± 1.0 µm (n=17), 13.5
± 1.7 µm (n=14) and 15.6 ± 3.6 µm (n=12) were obtained for pulse frequencies of 15, 7,
and 1 Hz, respectively. No significant difference in gap size was observed between cuts
made at all three frequencies, but the percentage of completely cut capillaries dropped
from 94% (17/18) to 78% (14/18) as the frequency was reduced from 15 Hz to 7 Hz. The
percentage cut dropped further to 71% (12/17) when the pulse frequency was reduced to
1 Hz. This may be a result of reduced heating at lower pulse rates.216 Based on this data,
a pulse frequency of 15 Hz (maximum for this laser) was used to study the number of
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pulses required for gap cutting. The total number of pulses was varied from 300 to 600
while the pulse energy (13.5 mJ/pulse) and pulse frequency (15 Hz) were kept constant.
As the number of pulses increased from 300 to 600, the gap size increased from 11.8 ±
1.9 µm (n=11) to 14.6 ± 1.5 µm (n=18). The percentage of completely cut capillaries
also increased from 61% (11/18) to 100% (18/18) as the pulse number was increased
from 300 to 600. A pulse number of 400 was selected for further studies, as this value
provided a high success rate (94%) and reasonably small gaps (13.9 ± 1.0 µm).
The reproducibility of the method was examined using the optimized cutting
conditions (13.5 mJ, 400 pulses and 15 Hz). A total of six different microscope slides
each having six different cutting positions were used. An average gap size of 14.0 ± 2.2
µm (n=33) at the bore of the capillary (B) was obtained with 94% (33/35) of the
capillaries being completely cut. No significant difference was observed between gaps
cut on each slide. The average gap size obtained for the six positions on each slide
ranged from 13.4 ± 2.1 µm (n=5) to 14.8 ± 4.6 µm (n=5).
2.3.2

Gap Performance

Separations of coumarin 334 and fluorescein were carried out in order to
determine the efficiency of electrophoretic transport of analyte zones across the gap
during an electrophoretic separation. Ten gaps were cut using the optimized conditions,
and gap reactors were constructed as shown in Figure 2.2. Out of 10 gaps cut, 8
functioned properly and 1 was broken during construction. A 10 mM borate buffer (pH
9.6) was used in the gap reservoir and as a running buffer. Fluorescein (0.1 µM) and
coumarin 334 (0.3 µM) were separated using this system with LIF detection.
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Figure 2.5. (a) Separation of 0.1 µM coumarin 334 (1) and 0.3 µM fluorescein (2) with a
gap reactor (gap size at bore is 12.9 µm) and (b) the same separation without a gap
reactor. Conditions: 79.0 total capillary length (a and b), 54.6 cm to detection window (a
and b) and 53.2 cm to gap (a); 50 µm i.d./220 µm o.d. capillary; 3 s, 25 kV injection; 25
kV separation potential; 10 mM borate buffer at pH 9.6.

Figure 2.5 shows a separation of coumarin and fluorescein using a gap reactor (a)
and a capillary without a gap (b). The gap reactor used here is reactor A in Table 2.1.
The Fluorescein peaks in (a) and (b) appear to be nearly identical in shape, but an
increase in tailing and a decrease in peak height relative to the fluorescein peak are
observed for coumarin 334 after travelling across the gap. This difference may be
explained by the charge of fluorescein (-1) and coumarin 334 (0) and studies of
electrophoretic transport across a capillary gap by Kuhr and coworkers.194 This work
suggests that charged species will be “focused” into the second capillary by the electric
field across the gap. Coumarin 334 is uncharged and unaffected by the applied field;
therefore, coumarin 334 will diffuse more readily out of the fluid stream between the two
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capillaries, resulting in more tailing of this peak compared to fluorescein. The separation
efficiency was calculated for the coumarin 334 and fluorescein peaks and compared with
a control using a capillary of the same length without a gap. The separation efficiency
was calculated using the peak width at 10% peak height, the retention time and the tailing
factor.217 The results for all eight gaps are summarized in Table 2.1.
Table 2.1 Separation efficiency for gap reactorsa

Gap Reactor

Theoretical plates × 10-3

Gap Size (B)
(µm)

fluorescein

coumarin 334

A

12.9

258 ± 15

26 ± 6

B

12.9

305 ± 39

61 ± 8

C

10.9

203 ± 36

21 ± 17

D

12.9

381 ± 43

46 ± 21

E

11.9

131 ± 5

26 ± 16

F

11.9

175 ± 24

71 ± 5

G

10.9

111 ± 7

16 ± 2

H

12.9

137 ± 11

33 ± 3

Average

12.2 ± 0.9

213 ± 94

38 ± 20

Control (no gap)

-

308 ± 37

80 ± 11

a

See Figure 2.5 for experimental conditions.

The number of theoretical plates for the gap reactors was reduced by 31% for fluorescein
and by 52% for coumarin 334 in comparison with the control. A loss of 20% in
theoretical plates was reported for 50 µM glycine labeled with ο-phthalaldehyde for a
single capillary gap reactor with a gap size of 17 µm.201 Improved separation efficiency
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(5% loss of efficiency, > 400,000 theoretical plates) has been obtained with gap reactors
by controlling the potential at the gap reservoir and applying a higher potential field in
the reaction capillary.176 However, we did not attempt to improve separation efficiency
using this approach since our goal was to compare our gap reactors to results obtained
with previous construction methods.
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Figure 2.6. Separation of a protein and amino acid mixture using postcolumn
derivatization with a gap reactor. Conditions: 70.0 cm total capillary length, 50.8 cm to
detector and 49.4 cm to gap; 50 µm i.d./220 µm o.d. capillary; 10.9 µm gap size at bore;
3 s, 25 kV injection; 25 kV separation potential; derivatizing reagent, 1 mM NDA, 4.65
mM mercaptoethanol, 30% methanol in 50.0 mM borate buffer at 9.5 pH. Peaks: (1) 2.4
× 10-7 M transferrin, (2) 1.5 × 10-6 M α-lactalbumin, (3) 8.5 × 10-7 M β-lactoglobulin B,
(4) 1.6 × 10-6 M β-lactoglobulin A, (5) 2.0 × 10-4 M L-(+)- glutamic acid (6) 2.2 × 10-4 M
DL-aspartic acid.

The electropherogram in Figure 2.6 shows the separation of a mixture of proteins
and amino acids by CE with postcolumn derivatization using NDA and 2mercaptoethanol as the postcolumn derivatization reagent.214 The amino acids in this
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separation, glutamic acid (5) and aspartic acid (6) are ~100 times more concentrated than
the proteins, but give a similar fluorescence signal. This result is consistent with previous
work using this reagent combination for postcolumn derivatization and likely results from
a combination of several factors.214 First, electrokinetic injection was used, so the two
amino acid peaks will be relatively reduced due to injection bias. Second, the proteins
may be labeled multiple times, resulting in a large signal relative to the amino acids.
Finally, the relative reaction rates of the proteins and amino acids and the relative
degradation rates of the fluorescent products may also contribute to the observed results.
If the amino acids react more slowly than the proteins, or if their derivatives are less
stable, this would contribute to the relatively small amino acid peaks.

The

NDA/mercaptoethanol amine derivatives are not suitable for precolumn labeling due to
their instability.204,214,218,219
Glycine and transferrin were used to study the limits of detection for the method
in order to allow a direct comparison with previously reported results. The limits of
detection for glycine and transferrin were determined to be 6 × 10-7 M and 1 × 10-8 M,
respectively at 3 times the rms noise. Compared to the previously reported limits of
detection, these values are approximately the same for glycine and a factor of 3 lower for
transferrin using this reagent and a gap reactor.214 The separation efficiencies for the
peaks in Figure 2.6 ranged from 31,000 theoretical plates for α-lactalbumin to 188,000
theoretical plates for aspartic acid.
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2.4 Conclusion

In this chapter, we report a simple and rapid method for reproducible construction
of a gap reactor for CE without micromanipulation under a microscope or chemical
etching. In comparison to other methods of gap construction this approach produces
highly reproducible, perfectly aligned gaps.

Comparable concentration limits of

detection for glycine and transferrin were obtained in comparison to gaps constructed
manually under a microscope. Further studies are underway to minimize the pulse
energy and reduce the gap size and the damage to the capillary by using solvents as an
aid for ablation.

78

CHAPTER 3
LASER MICROFABRICATION OF GAPS IN FUSED-SILICA CAPILLARIES:
INVOLVEMENT OF THE NONLINEAR REFRACTIVE INDEX IN LASERINDUCED BACKSIDE WET ETCHING
3.1 Introduction

Online reagent addition for capillary electrophoresis (CE) has been applied to a
wide range of applications including chemiluminescence detection,174,175 electrochemical
detection,176,177

bioaffinifity,178,179

monitoring.181

Construction of interfaces for online reagent addition with CE is

enzyme

assays,180

and

electroosmotic

flow

challenging, and a variety of interfaces and related construction methods have been
reported.169,174,175

The gap reactor is one approach used successfully by several

groups.169,174,175,182 This system has been reported as a simple and effective way of
introducing a reagent into a capillary for CE separation.169,174,175,182,194 Reagents are
added online through a small gap (typically 3 to 100 µm) between the two capillaries
based on either diffusion or high flow rate in the reaction capillary relative to the
separation capillary. The reproducible construction of well aligned gaps has been a major
limitation to their application. Gap size and alignment have been shown to critically
affect the performance of a gap reactor for online reagent addition.169,176,194,201,202 Several
approaches have been used to address the problem of aligning the separation and
detection capillaries.182

169,177,198,201,203-206,220

Recently, we developed a reproducible

method to construct perfectly aligned gaps using laser ablation to produce a gap in a
single capillary.221 Gaps of 14.0 ± 2.2 µm at the bore of the capillary were constructed
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with a success rate of 94%. However, gaps obtained using this method have rough
surfaces and are not uniform in size across the majority of the gap.
Surface damage to fused silica during laser ablation has caused difficulty in
micromachining of fused silica.207-210,216,222 Damage is defined as the observation of any
visible permanent modification to the surface of the fused silica.215 This arises due to a
low linear absorption coefficient over a wide range of wavelengths, leading to
uncontrollable, nonuniform heat dissipation.209,216 Nanosecond lasers have been shown
to produce damage on fused silica by heat dissipation into the surface, which generates
thermal-induced stress.207-210,215 Several approaches have been used to minimize the
unwanted effects of ablation on fused silica. Ultrashort laser pulse duration (ps–fs) and
shorter wavelength lasers have been shown to reduce damage due to multi-photon
absorption.210 Multi-photon absorption focuses the laser into a smaller volume, giving
rise to better controlled material removal by minimizing thermal stress. In addition to the
multi-photon effect, nonlinear optical effects of ultrashort lasers have been reported.223,224
Ashkenasi et al. applied self-focusing of picosecond laser pulses for micro-structuring of
transparent materials without damage at the entrance and exit of the laser pulses.223
Another approach used to reduce damage on fused silica during micromachining is the
use of vacuum ultraviolet (VUV) lasers.225,226 Fused silica absorbs strongly in the VUV
region, which leads to a relatively small volume of absorption and better controlled
material removal.
An alternative approach employed to reduce damage on fused silica during laser
ablation is laser-induced chemical etching with conventional nanosecond lasers. Laser-
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induced backside wet etching (LIBWE) has been used for micromachining of transparent
materials such as fused silica,227-234 quartz,230,235-237 sapphire,230 fluorides of calcium,
magnesium, and barium,228,230 and fluorocarbon resin.235 This technique uses an excimer
laser to microstructure the back of a transparent material placed in contact with a solution
of dye which absorbs at the wavelength of ablation. Pyrene is commonly used to absorb
the ablation laser line (248 nm).227,228,232,235

Naphthalene and naphthalene

derivatives,238,239 pyranine,235 pure toluene,240,241 and other organic dyes242 have also been
used.

Laser-induced backside wet etching has been shown to be superior over the

conventional nanosecond UV-laser ablation (without solution), using less fluence energy
than conventional ablation. Moreover, the ablated material exhibits no cracking or debris
on the surface around the etched area and surfaces are smoother than with ablation
performed using conventional methods. Although the mechanism of LIBWE is not yet
clearly understood, it is believed that the ablation laser line is strongly absorbed by the
dye solution resulting in a rapid heating and vaporization of the solution which is
transferred under high pressure to etch the transparent material in contact with the
solution.227,228,233,240

In most LIBWE studies, the concentration of pyrene or other

absorbing solutes were shown to greatly influence the etching rate and fluence
energy.227,228,230
In this chapter the exploration of LIBWE of fused-silica capillaries for
constructing small, perfectly aligned gaps using lower pulse energy, with more uniform
size across the diameter of the capillary and smoother surfaces relative to our earlier
report is presented.221 The minimum energies required to completely cut fused-silica
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capillaries using different dye solutions and solvents with no dye added have been
determined. The dependence of the threshold ablation energy on the concentration of the
absorbing dyes has been studied. The physical and chemical properties of the solvents
used have been examined in order to better understand the mechanism for reducing the
threshold pulse energies required. The performance of these gaps for use in online
reagent addition for CE has been examined by using them to perform postcolumn
derivatization for LIF detection of glycine.
3.2 Experimental
3.2.1

Gap Construction

A 25 cm long fused-silica capillary (50 µm i.d. and 220 µm o.d.;. SGE; Austin,
TX) was secured to a microscope slide (Fisher Scientific; Pittsburgh, PA) at multiple
points with 5 Minute Epoxy (Devcon Corp.; Danvers, MA) using a mount designed to
position the capillary at a reproducible distance (~950 µm) from the microscope slide
surface. After the epoxy cured, the microscope slide was placed on a translational stage
(423 Series; Newport; Irvine, CA) for laser ablation at the optimal distance between the
fused-silica capillary and a cylindrical lens (focal length = 10 mm) (01LQC407; Melles
Griot, Carlsabad, Ca) as illustrated in Figure 3.1. The optimal distance between the
cylindrical lens and the capillary was determined as described previously.221 A capillary
was reproducibly positioned at this point relative to the lens using a laser pointer (λ=650
nm)(Quarton Inc.; His-Chih, Taipei Hsien, Taiwan) as a reference. The beam from the
laser pointer is focused using a plano-convex lens (focal length, 100 mm; H45274;
Edmund Optics; Barrington, NJ) to a small spot on the capillary.
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Figure 3.1. A. Schematic of the laser ablation system. Key: (1) laser pointer, (2) planoconvex lens, (3) capillary, (4) microscope slide, (5) cylindrical lens, (6) Nd:YAG laser,
and (7) centrifuge tube. Double arrows indicate the movement of the microscope slide
and the laser pointer on separate translation stages for adjustment of the distance between
the capillary and the cylindrical lens. B. Closer look of the microscope slide (4) from A
to show the different cutting positions. (8) Epoxy and (9) first cutting position.

Light scattered by the capillary is imaged on a screen placed behind the translational
stage. Depending upon the position of the focused beam on the capillary (at front, center,
or rear relative to the cylindrical lens) distinct images produced by the scattered light are
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observed on the screen. The focused beam is positioned so that laser light is scattered
from the rear side of the capillary.
The capillary was then filled with one of the experimental solutions using a 3 mL
syringe. After filled with solution, one end of the capillary was raised 4.0 cm above the
other end and was placed into a 1.5 mL centrifuge tube containing the same solution.
The second harmonic output (532 nm) from the Nd:YAG laser (ML-II; Continuum; Santa
Clara, CA) with pulse duration of 4.1 ns was used for laser ablation. A computer
program written in LabView (National Instruments; Austin, TX) was used to control the
frequency and number of pulses produced by the Nd:YAG laser. The pulses from the
Nd:YAG laser were attenuated by a high energy variable attenuator (935-3-OPT;
Newport).
To reach the threshold pulse energy for obtaining a complete cut of the capillary
using solvent-assisted laser micromachining, five trials were performed with each pulse
energy tested. If two of the five trials failed to produce a complete cut, the pulse energy
was increased by a step of 0.5 mJ/pulse. This process continued until a minimum of four
complete cuts were obtained out of five total trials. This energy was then determined to
be the threshold ablation energy. A complete cut is defined as cleavage of the capillary
from the front to back without any polyimide coating or fused silica spanning the gap.
3.2.2

Gap Size Measurement

A video trinocular head zoom microscope (52353; Edmund Optics), equipped
with a CCD camera (GP-KR222; Panasonic, Japan) was used to investigate gaps. The
image was captured by VIDCAP 32 software (Microsoft) and saved as a single frame.

84

The saved file was opened using Scion software (Scion Corp.; Frederick, MD), and the
gap width was recorded in pixels using the Scion software. The number of pixels was
converted to micrometers by calibrating the software using a three point calibration with
a 0.01 mm standard micrometer (12-562-SM; Fisher Scientific).
3.2.3

Fluorescence Imaging

An inverted fluorescence microscope (Nikon, Japan) was also used in gap
examination. A solution of 1.0 × 10–5 M fluorescein was used for imaging. Fluorescein
was pumped through the capillary using a 3 mL disposable syringe. The gap was
enclosed using a small reservoir on the microscope slide made with 2 Ton Epoxy. The
reservoir was filled with water to aid in visualization of the flow of fluorescein across the
part of the capillary ablated by the laser beam. Images were collected using a CCD
camera (RTE/CCD-782-Y; Princeton Instruments, Inc.; Trenton, NJ) and captured using
WinView software (Princeton Instruments Inc).
3.2.4

Reactor Construction

A gap reactor was constructed as described previously.201,221 Briefly, a reagent
reservoir (~1.5 mL) was formed by sealing a polyethylene stopper from a 5 mL vial (03339-27B; Fisher Scientific) to a glass microscope slide with 5 Minute Epoxy. A hole was
drilled on the top of polyethylene reservoir. This hole was fitted with a 2 cm Teflon tube
that was used to add or remove solutions from the reservoir by a syringe through the
Teflon tubing.
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3.2.5

CE with LIF Detection

An Argon ion laser was used for excitation at 457.9 nm (1.5 mW) (Lexel-3500;
Lexel Laser, Inc., Fremont, CA). The laser beam was focused onto the capillary by a
fused-silica plano-convex lens (focal length = 12.7 mm) (4116; Oriel). Fluorescence was
collected using a 20× microscopic objective (Edmund Optics) and was filtered by two
495 nm long-pass filters (51292; Oriel). The spectrally filtered fluorescence signal was
then spatially filtered by an 800 µm diameter aperture (Oriel) and detected by a
photomultiplier tube (PMT) (HC120; Hamamatsu, Bridgewater, NJ) biased at 1000V.
The PMT output was then filtered by a 50 Hz low-pass RC filter and sent to an analog-todigital board (Lab-PC-1200; National Instruments). A computer program written in
LabView was used for data acquisition. Data were acquired at 10 Hz. Peak Fit (SPSS
Inc., Chicago, IL) was used for data analysis.
3.2.6

Postcolumn Derivatization

A gap reactor constructed from a 70.0 cm long capillary (50 µm i.d./220 µm o.d.)
was filled with a 50 mM borate buffer (pH 9.5). The capillary on each side of the gap
was filled separately.

The reservoir was then filled with either the postcolumn

derivatization solution or the running buffer. A positive high potential was applied at the
injection reservoir and the detection capillary was grounded. The gap reservoir was left
floating. The gap reservoir and the two ends of the capillary were maintained at the same
height to minimize gravity flow. A 25.0 kV potential was applied for 20 min before
separations were performed. Electrokinetic injection was used for all experiments. A
stock solution of 3.3 mM naphathalene-2,3-dicarboxyaldehyde (NDA) was prepared in
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methanol and stored at 4 oC. The derivatization solution was prepared daily by diluting
the stock solution to 1.0 mM NDA in 50 mM borate buffer (pH 9.5) and adding 4.5 mM
2-mercaptoethanol.214 The final methanol concentration in the derivatization solution
was 30% by volume.
3.2.7

Chemicals

Congo Red, 2-mercaptoethanol, coumarin 334, pentane, m-xylene, nitrobenzene,
Nile Red, propionitrile, and glycine were obtained from Acros (Pittsburgh, PA). Methyl
formate, pyrene, ethyl ether, ethyl acetate, and pyridine were purchased from Aldrich
(Milwaukee, WI). Carbon tetrachloride and chloroform were obtained from Burdick &
Jackson Laboratories Inc. (Muskegon, MI). Acetone, acetonitrile, benzene, glycerol,
methanol, 2-propanol, and cyclohexane were purchased from Fisher Scientific. Boric
acid was supplied by J. T. Baker Chemical (Phillipsburg, NJ). NDA was purchased from
Fluka (Milwaukee, WI). Dimethyl sulfoxide (DMSO) and toluene were purchased from
Mallinckrodt (Paris, Kentucky). Fluorescein and Sudan IV were obtained from Sigma
Chemical Co. (St. Louis, MO). Carbon disulfide was provided by John F. C. Turner
research group at The University of Tennessee, Knoxville.

Carbon tetrachloride,

chloroform, pyridine, and 2-propanol were HPLC grade. Ethyl ether, ethyl acetate,
acetone, acetonitrile, benzene, methanol, and cyclohexane were A.C.S grade. DMSO and
toluene were reagent grade.
3.2.8

Safety Considerations

The Nd:YAG laser used in this work can cause permanent and severe eye
damage. Appropriate precautions should be taken when using this laser, including the
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use of laser safety goggles and confinement of the laser beam. Caution should be used
when working with high voltage for CE. Contact with the floated gap reactor should be
avoided while the high voltage is turned on.
3.3 Results and Discussion
3.3.1

LIBWE with Dyes

Laser-induced backside wet etching is used to microstructure the back of a
transparent material placed in contact with an absorbing dye solution. This technique
uses lower pulse energy and causes less damage on the transparent material in
comparison to conventional ablation technique. We adapted LIBWE to cut gaps in 50
µm i.d. fused-silica capillaries in order to reduce the pulse energy required and to reduce
gap size and damage.221 Unlike conventional LIBWE experimental setups, where only
one side of the transparent material is placed in contact with the dye solution, our adapted
system uses a capillary filled with a solution of an absorbing dye or solvent glued to a
microscope slide as shown in Figure 3.1. Five different cutting positions (supported on
either side by Epoxy) were made on a single microscope slide as seen in Figure 3.1B.
The first cutting position was placed approximately 5 cm from one end of the capillary.
The successive cutting positions are approximately 6 mm apart as illustrated in Figure
3.1B. Rhodamine B was selected initially as an absorbing dye at the wavelength of the
laser used for ablation (532 nm). A capillary filled with 1.0 mM rhodamine B in
acetonitrile was ablated at each available cutting position as indicated in Figure 3.1B,
using 350 pulses at 5.0 mJ/pulse and 15 Hz. The first cutting position failed to produce a
complete cut on all microscope slides tested. Instead of a complete cut, a hole like
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structure was produced as shown in Figure 3.2. The remaining four cutting positions
yielded complete cuts similar to those shown in Figure 3.3. This cutting difference
between the first and the other cutting positions could be due to the difference in the
amount of solution present in the laser ablation area during ablation.

Figure 3.2. Micrograph of a hole in a capillary (50 µm i.d./220 µm o.d.) obtained on the
first cutting position of the capillary with the aid of 1.0 mM rhodamine B in acetonitrile
in the capillary. No gravity flow is used. 350 pulses at 5.0 mJ/pulse (532 nm) and 15 Hz
were used for ablation.

Subsequently, gravity was used to induce a continuous flow of solution through
the capillary during ablation. We hypothesized that this flow helps to keep the solution in
the ablation area during the ablation process, resulting in a complete cut of the capillary
at the first cutting position. The capillary was first filled with 1.0 mM rhodamine B in
acetonitrile solution using a disposable syringe. The end of this capillary closest to the
first cutting position was left open while the other end of the capillary was raised 4.0 cm
above the first cutting position and placed in a 1.5 mL centrifuge tube to induce flow as
depicted in Figure 3.1. The first position was cut using 350 pulses at 5.0 mJ/pulse and 15
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Hz. A gap obtained this way is shown in Figure 3.3a. The gap at the bore of the
capillary (B) was determined to be 4.9 µm (Figure 3.3a). In our earlier work, we
obtained a gap size of 14.0 ± 2.2 µm (n=33) with air in the capillary using 400 pulses at
13.5 mJ/pulse and 15 Hz.221 The gaps obtained using the conventional method have a
dual-cone structures (two cones connected at their tip) where the gap is wider at the
entrance and exit of the pulsed laser beam and narrower at the bore of the capillary.

a.

b.

C

C
B

B

A

A

Figure 3.3. Micrograph of a gap in a 50 µm i.d./220 µm o.d. capillary. (a) Created by
filling a capillary with 1.0 mM rhodamine B in acetonitrile (b) created by acetonitrile no
dye added (control). Gravity flow is induced in both cases by lifting one end of the
capillary 4.0 cm above the other. 350 pulses at 5.0 mJ/pulse and 15 Hz and were used for
ablation. (A) Front, (B) center, and (C) rear of the capillary relative to the ablating beam.

In comparison to these gaps, the LIBWE method produced a gap that is smoother, more
uniform in size, and one third smaller at the bore of the capillary as seen in Figure 3.3.
The energy required for ablation was also reduced by a factor of three in comparison to
the experiments with an air-filled capillary. The threshold pulse energy in this study was
determined by successively increasing or decreasing by 0.5 mJ/pulse until at least four
complete cuts were obtained out of five trials, as described in the experimental section.
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In the initial reports of LIBWE, the threshold fluence energy was shown to
increase with an increasing concentration of absorbing dye.227,228 To study this effect,
different concentrations of rhodamine B were used in the capillary. As a control for the
experiments, a capillary was filled with acetonitrile and no dye was added. Ablation was
performed using 350 laser pulses at 5.0 mJ/pulse and 15 Hz. The gap obtained for the
control is shown in Figure 3b. The gap size determined at the bore of the capillary (B)
was 5.9 µm. The gap size obtained using 1.0 mM rhodamine B and only acetonitrile are
similar (4.9 µm vs 5.9 µm). Even when the concentration of the rhodamine B was
increased to 2.0 mM, no change in gap size (5.2 µm) was observed in comparison to the
gaps obtained using 1.0 mM rhodamine B and only acetonitrile using the same energy.
This finding contradicted the earlier reports.227,228 Despite the report of using different
dye concentrations, the authors failed to use acetone with no dye (pyrene) added as their
control. The role of acetone on the ablation process was not clearly indicated in these
reports.
To further investigate the role of solvent and dye for LIBWE, we studied several
dyes that do and do not absorb at the ablation wavelength. Since the dyes selected in this
study were not soluble in one particular solvent; benzene, carbon tetrachloride, acetone,
and water were used as solvents to compare the effect of concentrated dye and solvent
(no dye added) on gap size, as well as on the threshold ablation energy. Table 3.1
summarizes the results obtained. No significant difference in either the gap size or the
threshold ablation energy was observed between high concentrations of dyes tested and
solvent with no dye added.

91

Table 3.1 Effect of dye and solvent on threshold pulse energy for micromachining of fused-silica capillaries

Solvent

Dye

Dye

Concentration

λmax

Gap Size Center (B)

(nm)

(µm)

n

Threshold energya

(mJ/pulse)

(mM)
Benzene

Rubrene

2.7

304

7.7 ± 0.8

5

3.5

Nile Red

2.6

553

7.3 ± 1.3

4

3.5

6.5 ± 0.5

5

3.5

13.9 ± 2.9

4

6.0

12.9 ± 1.0

5

6.0

8.9 ± 0.8

4

5.5

7.4 ± 1.2

5

5.5

*(>17)

5

7.0

*(>17)

5

15.0

Carbon tetrachloride

0

Sudan IV

5.8

Acetone

0

Sudan IV

5.8

Water

Congo Red

526

0
26.8

a

526

497

0

400 pulses at the threshold ablation energy at 15 Hz.

* Gap size cannot be determined precisely.
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From Table 3.1 it is clear that high dye concentration does not reduce the threshold
ablation energy for micromachining of fused-silica capillary relative to the solvent
controls (no dye). The only exception observed was Congo Red dissolved in water.
When 2.7 × 10-2 M Congo Red in water was used, the threshold energy for ablation was
reduced to 7.0 mJ/pulse in comparison to water with no dye added (15.0 mJ/pulse). The
gaps obtained using Congo Red in water and water with no dye had large cracks and
pieces missing, and the gap size and shape were not reproducible.
Since absorption of pyrene has been reported as the main contributing factor for
LIBWE process,227,228 it is necessary to achieve absorbance of rhodamine B in acetone
comparable to that of 0.1 M pyrene in acetone. Hence, it is critical to determine the
molar absorptivity of pyrene in acetone. However, due to the strong absorbance of
acetone from 200 to 300 nm (molar absorptivity of acetone at 248 nm is 12,300 M-1 cm-1)
the molar absorptivity of pyrene could not be determined.243-245 In order to reduce the
strong absorbance of acetone, shorter path length cells were used. Even with the smallest
path length cell (10 µm) used, we were unsuccessful at obtaining a reasonable absorbance
in order to determine the molar absorptivity of pyrene. Although the wavelength and
solvent used were not indicated, Yasui et al. determined the absorption coefficient of 5.0
mM pyrene from a UV absorbance spectrum using a cell thickness of 100 µm.229 Despite
the reports and discussions on the absorption of pyrene in different solvents,246,247 to the
best of our knowledge nothing is reported on pyrene in acetone.
If absorbance induces etching during the LIBWE process, as claimed by Wang et
al.,227,228 then it is clear that acetone should also play a major role in the ablation process,
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based on the molar absorptivity of acetone (ε=12,300 M-1 cm-1) at the wavelength of
ablation (248 nm). To further investigate the role of the absorbing dye and solvent in
LIBWE, identical dye concentration (1.0 mM rhodamine B) in different solvents
(acetonitrile, ethanol, and methanol) were tested. Threshold ablation energies of 5.0, 7.0,
and 9.0 mJ/pulse were determined for 1.0 mM rhodamine B in acetonitrile, ethanol, and
methanol respectively using 350 pulses and 15 Hz. The same threshold ablation energies
were determined for respective pure solvents (without rhodamine B). These results
indicate the threshold ablation energy was not affected by the concentration of rhodamine
B; but rather by the solvent used to dissolve rhodamine B. This variation in threshold
ablation energy for the same concentration of an absorbing dye in different solvents
clearly indicates that the solvents used to dissolve the dyes play the major role in the
ablation process.
Even though neither pyrene nor acetone absorb at λ=532 nm wavelength,
different concentrations of pyrene in acetone were tested.

This will enable us to

determine if pyrene would have the same effect in our adapted system in a similar
manner to the reported effects in the LIBWE process. A threshold ablation energy of 5.5
mJ/pulse was determined for completely cutting fused-silica capillaries using different
concentrations of pyrene (0, 0.1, and 0.2 M) in acetone. No significant difference in gap
size was observed among these three sets of concentrations, indicating no additional role
is played by pyrene in the ablation process. Although the role of solvents was not
indicated, different solutes in different solvents have been used for LIBWE. Pyrene in
acetone,227-232,234,248 tetrachloroethylene,234,236,237 cyclohexane,230 and toluene;178,234,237,248-
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250

pyranine231 and napthalenesulfonic acid in water;238,251 naphthalene in methyl

methacrylate239,252

and pure

toluene233,240,241,251

have

been

used

for

LIBWE

micromachining of transparent materials. All these reports indicate that both the solute
and solvent play a great role in the ablation process. However, little is known on the role
and reason behind the assistance of the solvent for obtaining a lower fluence energy and
higher etching rate.
3.3.2

Solvents for LIBWE

The significant difference observed in the required threshold ablation energy
among different solvents tested (without dye) led us to test additional solvents with
different functional groups and various physical and chemical properties in order to better
understand the role of the solvent in the ablation process. Table 3.2 summarizes the
solvents tested, threshold energy used, and the gap size obtained. The solvent requiring
the lowest threshold ablation energy (3.0 mJ/pulse) was toluene. Water required the
highest threshold ablation energy at 15.0 mJ/pulse. Gaps obtained using water showed
greatest damage, with surface irregularities and debris in the gap, thereby limiting precise
measurement of gap size.
Even though the high absorbance of pyrene at 248 nm was claimed to be the
principal contributing factor for the LIBWE process, the etching rate of pure toluene (at
λ=248 nm) was reported to be 30% higher than pyrene in acetone.241Moreover, Zimmer
and Böhme demonstrated the etching rate for pyrene in toluene to be higher at 351 nm
than at 248 nm and etching rates were comparable for pyrene in acetone and pyrene in
toluene.234
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Table 3.2 Effect of solvents on threshold pulse energy for micromachining of fusedsilica capillaries

Solvent

Threshold Energy

Gap Size Center (B)

n

(mJ/pulse)

(µm)

Toluene

3.0

6.2 ± 0.5

4

Benzene

3.5

8.7 ± 1.0

4

m-xylene

3.5

8.2 ± 1.0

4

Carbon disulfide

4.0

9.9 ± 2.4

4

Nitrobenzene

4.0

6.1 ± 0.4

5

Pyridine

4.0

7.1 ± 0.8

5

Acetonitrile

5.0

10.7 ± 1.5

4

Cyclohexane

5.0

8.2 ± 1.9

4

Pentane

5.0

9.9 ± 2.2

4

Propionitrile

5.0

8.2 ± 1.3

4

Acetone

5.5

9.3 ± 1.1

5

Chloroform

6.0

11.3 ± 0.9

5

Carbon tetrachloride

6.0

15.3 ± 1.1

5

Ethyl ether

6.0

7.2 ± 0.8

4

Ethyl acetate

6.0

7.9 ± 0.8

5

1-Propanol

7.0

7.9± 0.7

4

Glycerol

7.0

7.2 ± 1.5

5

Methyl formate

7.5

9.2 ± 1.7

4

DMSO

8.0

9.4 ± 1.9

4

Acetic acid

8.0

6.7 ± 0.4

4
Table 3.2 continued
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Table 3.2 continued

Methanol

9.0

8.4 ± 1.3

4

Water

15.0

*(>17)

5

400 pulses at threshold ablation energy at 15 Hz.
* Gap size cannot be determined precisely.

These reports and our findings reported here contradict the earlier reports by Wang et al.
that absorbance is the main contributing factor for LIBWE process.227,228 Recently,
Cheng et al. studied the effect of various organic solvents and solutes on the ablation of
glass, reporting variation in ablation fluence energy among different solvents and
solutes.242 The difference in etching rate observed among benzene derivative solvents;
toluene, t-butylbenzene, and 1,2,4-trimethylbenzene was explained by the different alkyl
side chains in each solvent and their contribution to vibrational interaction. However, the
observed change in fluence energy for ablation using different solutes dissolved in
acetone could not be explained.
Despite the continuous claim of strongly absorbing dye being the critical
contributor for the LIBWE process (in the face of contradictory experimental findings),
nothing has been reported on the correlation of physical or chemical properties of the
solvents and solutes used and their reported energies necessary for laser ablation. For
this reason, threshold ablation energies were examined with respect to the physical and
chemical properties of the solvents tested. Some of the solvent properties considered
include: heat capacity, linear refractive index, UV absorbance cut-off, heat of
combustion, density, and viscosity. The threshold ablation energy of each solvent tested
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was plotted versus their physical or chemical property in order to identify any trend
between property and threshold values. No direct correlation was observed between the
chemical or physical properties considered and the threshold ablation energy of the
solvents tested. Although we suspected a correlation might be found between refractive
index and heat of combustion per unit volume of the solvents and their threshold ablation
energy, none was observed. The other physical property considered was the nonlinear
refractive index, which leads to self-focusing of the laser beam.
When an intense laser light propagates from air to a condensed nonlinear liquid, it
causes different parts of the laser beam to propagate at different phase velocities.253 This
difference in phase velocity arises due to the intensity dependent variation in refractive
index. The total refractive index (n) of such a medium is given as the sum of the linear
refractive index (no) and the intensity-dependent refractive index (δn);
n = no + δn = no + n 2 E

2

(3.1)

where n2 is the nonlinear refractive index of the condensed medium and E is the
amplitude of the electric field.254,255 In this process, since a laser light has nonuniform
intensity distribution, a lens effect is produced whereby different parts of the laser beam
propagate towards the more intense region of the laser intensity.253 As a result, the beam
diameter is decreased and the field intensity is increased. The self-focusing effect can be
counteracted by diffraction leading for the two effects to counterbalance each other at a
distance (l) called self-focusing distance. The minimum power (Pcr) required for the selffocusing effect to overcome the diffraction limit, is given by;
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Pcr =

3.77λ 2
8πn0 n2

(3.2)

where λ is the wavelength of the laser beam (m), n0 is the linear refractive index, and n2
is the nonlinear refractive index (m2 W-1).256

Above this critical power (Pcr), the

intensity-dependent refractive index leads to laser beam focusing by overcoming the
effects of linear diffraction.
The self-focusing effect has been a topic of discussion for several
years.253,254,257,258 Al-Saidi demonstrated a direct observation of self-focusing of a laser
beam profile of a low power He-Ne laser (λ=633 nm) using carbon disulfide (CS2).259
An increase in laser power and narrower Gaussian laser power distribution was observed
for CS2 in comparison to a control (without solvent). Ramanathan and Molian used
nonlinear liquids such as benzene and CS2 as lenses to micromachine holes in stainless
steel.255 It was shown that a solid lens produced more damage than a liquid medium.
This reduction in damage and in threshold ablation energy was related to the selffocusing property of the solvents used.
In order to examine the correlation of the threshold ablation energy obtained using
different solvents with the self-focusing effect of these solvents, we calculated Pcr values
in mega watts (MW) for different solvents using Equation 3.2, with values of n0 and n2
obtained from the literature.260 The threshold ablation energies obtained for each solvent
were plotted against the Pcr values calculated for each solvent as shown in Figure 3.4. An
R2 value of 0.89 was obtained. As the Pcr values increases, the threshold ablation energy
also increases. The linear relationship obtained between the threshold ablation energy
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and Pcr values for various solvents led to the conclusion that the effects observed during
the ablation process with the aid of different solvents are largely due to the nonlinear
refractive index of the solvents tested, leading to self-focusing of the laser beam.

Threshold Pulse Energy (mJ)

16
14
12
10
8
6
4
2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pcr (MW)

Figure 3.4. Plot of threshold pulse energy used for micromachining of fused-silica
capillaries with the aid of different solvents versus the minimum power (Pcr) required by
each solvent to self-focus the laser beam to minimum spot size. In all cases, 400 pulses
at 15 Hz were used. Key ( ) toluene ( ) nitrobenzene ( ) benzene ( ) carbon
disulfide ( ) cyclohexane ( ) carbon tetrachloride ( ) chloroform ( ) ethanol ( )
glycerol ( ) methanol ( ) water.
3.3.3

Cutting Progression

We examined the cutting progression to better understand the difference between
the solvent-assisted and air-filled micromachining of fused-silica capillaries. Pulses (1100) were used for ablation of fused-silica capillary filled with acetone while maintaining
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constant pulse energy and frequency (5.5 mJ/pulse at 15 Hz). When the capillary was hit
with a single pulse, two spots were observed on the rear side of the capillary relative to
the incident laser light. However, from the microscope image it is not clear whether the
spots are only on the surface of the polyimide coating or on the surface of the fused silica.
In order to clearly observe the surface of the fused-silica capillary, the polyimide coating
of the capillary was removed with 1000 pulses of unfocused 19.5 mJ/pulse laser beam
from the Nd:YAG laser at 15 Hz. After removing the polyimide with the unfocused laser
beam, the spots were seen on the surface of the fused silica. However, no damage was
observed on the front surface of the fused silica. As the pulse number was increased to
15 pulses, damage was observed on the front of the fused-silica capillary, while the same
spots remained on the back. With increase in pulse number (15-100) the size of the spots
on the front and back of the capillary started to increase. The polyimide coating started
to peel off the capillary with more than 15 pulses. As a control in our experiment, a
capillary with no solvent was laser ablated using the same number of pulses, laser pulse
energy, and frequency. Two similar spots were found on the rear side of the capillary
using 1-15 pulses. Upon removal of the polyimide coating, no damage was observed at
the front and back surface of the capillaries (entrance and exit of the pulsed laser
respectively). Using this method, similar progression in cutting is observed between the
solvent and air-cut capillaries.
Since the above technique of imaging could not reveal the depth of the damage on
the fused-silica capillary, it is necessary to use fluorescence imaging to examine damages
created with 1-30 pulses more closely.

In this set of experiments, 1.0 × 10-5 M
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fluorescein was used as an aid for imaging. Fluorescein was pumped into the capillary
using a disposable syringe. A small reservoir was made using 2 Ton Epoxy on the
microscope slide. The reservoir was filled with water to help visualize the flow of
fluorescein across the ablated part of the capillary. Images from the backside of the
capillary, relative to the incident laser beam, were taken using a CCD camera.
When fluorescein is pumped through the capillary, leakage resulted at the ablated
area depending on the size and depth of the ablated part of the capillary. This leakage
was used as a means to follow the progression of ablation in the fused-silica capillary.
Capillaries filled with acetone were laser ablated using 1, 5, 10 and 15 pulses and were
tested for leakage by flowing fluorescein in the capillary after the ablation. Despite the
presence of the spot on the back of the capillary, no leaks were observed from the ablated
part of the capillary using these pulses for five trials each. Leakage of fluorescein was
observed from the rear of two out of five capillaries when pulse number was increased to
20. The number of leaking capillaries increased from two to five out of five when pulse
numbers were increased from 20 to 30 pulses. No leakage was observed from the airfilled capillaries below 15 pulses. However, two capillaries out of four tested leaked
when the pulse number was increased to 30. Similar to solvent-assisted cuts, the number
of conventionally ablated capillaries that leaked increased with an increase in the number
of pulses. No difference in cutting progression was observed between acetone-filled
capillary and the air-filled capillary at lower pulse numbers (1-30). Although we could
not confirm a distinct cutting progression between the LIBWE and conventional methods
at lower pulses (1-100) using the above techniques, at higher pulses (400) the etching rate
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of LIBWE was increased and resulted in a gap. However, the conventional ablation
method could not produce a gap using the same experimental conditions as LIBWE.
3.3.4

Gap Performance

The performance of gaps created using the above technique was tested for use as
on-column reagent addition devices for CE separation by constructing the gaps into
reactors.221 A fluorophore (fluorescein) and an amino acid (glycine) were separated and
detected using CE with LIF detection by derivatizing glycine on-column with NDA and
2-mercaptoethanol in order to allow a direct comparison with previously reported
results.214,221
Figure 3.5 shows the separation of 1.0 nM fluorescein and 1.0 × 10-2 M glycine by
CE. The separation efficiency was calculated for glycine and fluorescein peaks and
compared to a control using a capillary of the same length and cut using no solvent on the
capillary. The separation efficiency was calculated using the peak width at 10% peak
height, the retention time, and the tailing factor.217 Efficiency of 84,000 ± 5,000 (n=4)
and 21,000 ± 4,000 (n=3) were calculated for glycine for the solvent-assisted gap and the
air-cut gap, respectively. However, no significant difference in separation efficiency for
fluorescein was seen between the air cut (213,000 ± 94,000 (n=8)) and solvent-assisted
gaps (228,000 ± 33,000 (n=4)). The four fold improvement in separation efficiency
observed for glycine between solvent-assisted and air-cut gaps could be due to the
uniformity of the gap size across the majority of the capillary diameter for the solvent
assisted gap. This uniformity of the gap size might expose all glycine molecules to equal
amount of the derivatizing reagent. The limit of detection obtained for the solvent-
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assisted gap reactor was 4.0 × 10-7 M at three times the rms noise. A comparable limit of
detection for glycine was reported for the air-cut gap reactor.214,221
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Figure 3.5. Separation of 10.0 mM glycine (1) and 1.0 nM fluorescein (2) using
postcolumn derivatization with a gap reactor. Conditions: 70.0 cm total capillary length,
50.8 cm to detector and 49.4 cm to gap; 50 µm i.d./220 µm o.d. capillary; 9.9 µm gap
size at bore of the capillary (B) cut using an acetonitrile; 2 s injection; 25 kV separation
potential; derivatizing reagent, 1 mM NDA, 4.65 mM mercaptoethanol, 30% methanol in
50.0 mM borate buffer at 9.5 pH.
3.4 Conclusion

In this work, we demonstrated an improved technique for micromachining of
fused-silica capillary by utilizing an adapting LIBWE method. The threshold pulse
energies required to completely cut capillaries and gap sizes obtained using these pulse
energies were reduced up to 65% and 78%, respectively, in comparison to air-cut gaps
with no dye or solvent was used. Moreover, the gaps created using LIBWE were more
uniform in size across the majority of the gap with a smoother surface in comparison to
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air-cut gaps. The threshold energy used to create gaps was generally shown to be
independent of the concentration of an absorbing or non-absorbing dye at the wavelength
of ablation but was dependent on the type of solvent used. From the detailed studies of
various solvents, the nonlinear refractive index of the solvents was observed to play an
essential role in the LIBWE ablation process. This finding could be used as a means to
better control micromachining of fused-silica capillary based on the etching rates of each
solvent care being taken in selecting a solvent in order to meet the required gap size
needs. The gaps obtained using LIBWE were constructed into gap reactors and used to
separate and detect glycine and fluorescein. Better separation efficiency was obtained
using solvent-assisted gaps in comparison to the air-cut gaps. However, comparable
limits of detection for glycine were obtained for gaps created using solvent assistance,
without solvent assistance, and gaps constructed manually.
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CHAPTER 4
SEPARATION AND DETECTION OF INDIVIDUAL SUBMICRON PARTICLES
BY CAPILLARY ELECTROPHORESIS WITH LASER LIGHT SCATTERING
DETECTION
4.1 Introduction

Characterization and quantification of submicron particles is an important
challenge in environmental, industrial, and biological sciences.18,261,262 The increased
interest in the synthesis and applications involving submicron particles of various shapes
and sizes necessitates new techniques to characterize and quantify such particles. The
most frequently used method for size analysis is transmission electron microscopy
(TEM), which gives only a selective snapshot of few representative particles and does not
provide a reliable population analysis. Different separation methods have also been
developed for the analysis of submicron particles based on their size.
techniques

such

as

sedimentation,

field

flow

fractionation,

Separation

hydrodynamic

chromatography, size exclusion chromatography and electrophoretic-based separations
(gel electrophoresis, dielectrophoresis and free flow electrophoresis) have also been
employed for the separation of particles.108 Most of these methods are reliable for
determining bulk characteristics of particle samples. The characterization of particles
using these methods is based on the average characteristics of the total population rather
than the individual particles. However, in situations where only a few particles of the
population exhibit different size and chemical composition, an approach that characterize
and quantify these particles individually is desirable.
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Capillary electrophoresis (CE) is emerging as a tool for the characterization of
submicron particles. The first reports of separations of submicron particles using CE
appeared in the late 1980’s61,62 and the body of work has been recently reviewed.86,87
Tobacco mosaic viruses (TMV) and Lactobacillus casei (bacteria) were first used to
demonstrate the feasibility of capillary electrophoretic separation for cellular particles.61
A single, well-defined peak was observed for both TMV and Lactobacillus casei in
separate electropherograms. Later, Grossman and Soane used TMV as a model analyte
to study the effect of TMV orientation on its electrophoretic mobility.14

Several

subsequent reports have been published that demonstrate the suitability of CE for the
separation of various viruses and bacteria.69,86,87,263 Capillary electrophoresis has proven
to be a viable separation method for subcellular biological colloidal particles, such as
liposomes86,87,92,93 and nuclei.110
The first non-biological colloidal particles that were separated using CE were
polystyrene spheres.62

Later, polystyrene spheres ranging from 30 to 2010 nm in

diameter have been separated based on their sizes.86,264-267 Each particle size yielded a
well-defined peak similar in appearance to peaks for small molecules separated by CE.
Other research groups have reported the separation of polymer particles of varying
chemical composition.268,269 Capillary electrophoresis has also played an increasingly
important role in the characterization of organic and inorganic colloids. Colloids of
various sizes such as silica sols,270 polyaniline,271 metallic oxides,272-274 gold
nanoparticles,275 and carbon nanotubes276 have been characterized using CE.
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Most of the submicron particle separations performed by CE are analogous to
molecular separations. A well-defined single peak is observed for each analyte. Each
peak is comprised of unresolved individual peaks. Detection by UV absorbance has
limitations on quantifying and characterizing submicron particles in small quantities (less
than a few thousands). The detection limits for different size polystyrene spheres using
UV absorbance detection were reported to be in the range of 2000 particles of 683 nm
diameter up to 3.6 million particles of 39 nm diameter particles.62
Capillary electrophoresis has recently started to play a vital role in the
characterization of individual particles using sensitive detection methods such as laserinduced fluorescence (LIF) or laser light scattering (LLS). To date, there are a handful of
publications that show the potential of CE for separating individual particles such as
polystyrene latex spheres,70-73 liposomes,74 cell nuclei,75 mitochondria,77-79 acidic
organelles,82

platelet-derived

microparticles,84

Escherichia

coli,85

and

carbon

nanotubes.156 The principle of individual particle separation is related to single molecule
detection.88,89 Faster data acquisition has enabled the resolution of a single well-defined
peak arising from the emitted light by each individual particle. The ability of CE to
separate individual particles is due to the difference in electrophoretic mobility of
individual particles. The electrophoretic mobility of these particles is dependent on their
size, shape, counter ion double layer, and zeta potential (ζ) at the particle surface and the
surface composition.86 The Arriaga group has made use of the heterogeneity in mobility
to characterize individual tagged subcellular structures

74-83

and polystyrene latex

spheres70 using postcolumn LIF detection. Unlike population detection, which uses peak
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area and peak height as a method of quantification, individual particle separation
provides the best method for quantifying colloidal particles by counting individual
events. Capillary electrophoresis with LLS was used as a particle counting method in a
particle-enhanced immunoassay, where light scattering events from individual
agglutinated particles were counted and distinguished.71,72

In addition to counting

individual events, peak height and area from individual events have also been used to
estimate the contents of individual subcellular particles, which is unattainable by
population detection.76,78,80,83
The most common method of detection for individual particles in capillary
electrophoresis is LIF detection.70,74-82,90,111 However, LIF requires that the particles to be
naturally fluorescent or can be labeled with a fluorescent tag. Laser light scattering offers
a solution to these problems as it is a universal detector while LIF is not. Laser light
scattering has been used as a detection method for submicron individual particles in
combination with different separation and non-separation techniques.38,71-73,85,107,118,138140,277

Individual polymer particles ranging from 188 nm to 10 µm in diameter were

separated and detected using capillary hydrodynamic chromatography (HDC) with LLS
detection.107 Flow cytometry with laser light scattering has been used to detect individual
submicroscopic particles.118,147,148 However, LLS has found limited use as a detection
method in CE.71-73,85 Individual polystyrene spheres ranging from 550 nm to 9 µm have
been separated with CE and microfluidic devices and been detected using LLS.71-73,85
The detection of smaller size particles and the ability of CE for separating individual
particles of various particle sizes have not yet been explored. This approach can be
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exploited to study a heterogeneous mixture of colloidal particles consisting of a variety of
sizes and shapes.
In this chapter, the separation and detection of individual submicron polystyrene
spheres with capillary electrophoresis and laser light scattering is demonstrated.
Comparisons between population detection and individual particle detection are made.
Unlike population detection, the individual particle detection demonstrated the capability
of the instrument to characterize few particles. The smallest individual particle size
detectable with the current method is determined.

The number of individual light

scattering events from different particle sizes and concentrations are counted and
compared with the theoretical number of particles injected as means of quantitation.
Experimentally obtained scattered light intensities for different size polystyrene latex
spheres are compared to the predicted Mie scattering theory.
4.2 Experimental
4.2.1

Chemicals

Boric acid, disodium ethylenediamine tetraacetate (Na2EDTA), HPLC grade
methanol and sodium hydroxide were purchased from Fisher Scientific (Pittsburgh, PA).
Tris[hydroxymethyl]aminomethane hydrochloride (Tris-HCl) and mesityl oxide were
obtained from Sigma (St. Louis, MO). Polystyrene spheres with diameters of 57 ± 8, 110
± 4.7, 202 ± 10, 356 ± 14, 548 ± 16, 754 ± 10, 992 ± 26 nm and Fluoresbrite Yellow
Green (YG) (943 ± 18 nm) were purchased from Polysciences, Inc. (Warrington, PA). A
stock buffer solution containing 8.9 mM Tris-HCl, 8.9 mM borate, and 2.0 mM EDTA
was prepared by dissolving the appropriate amount of each reagent in ultrapure water (18
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MΩ-cm, Barnstead E-pure System, Dubuque, IA). The stock buffer was diluted 6.4:1.0
in ultrapure water. The diluted buffer (TBE) (1.4 mM Tris-HCl, 1.4 mM borate, 0.3 mM
Na2EDTA, pH 8.3) was initially vacuum filtered using a 0.1 µm Nylon filter (Osmonics,
Pittsburgh, PA).

It was then twice filtered with 0.02 µm syringe filter (Whatman,

Maidstone, England) prior to use to remove interfering particulates. The syringe filters
were rinsed with ultrapure water prior to use to remove any particulates from the filter.
Samples of polystyrene beads were prepared by diluting the stock solutions using the
filtered TBE buffer. The stock solutions were sonicated for 5 min prior to analysis to
break any aggregation.
4.2.2

Capillary Electrophoresis

Fused silica capillaries, 58.0 cm total length and 38.0 cm to detector with a 50 µm
i.d. and a 220 µm o.d., were used in all experiments. A high voltage power supply
(CZE1000R; Spellman, Hauppauge, NY) was used for electrophoresis. All electrokinetic
injections of 3.0 s were made at 25.0 kV. An electric field of 431 V cm-1 was applied for
separation.
4.2.3

UV Absorbance Detection

A Linear UV/VIS 500 detector (Thermo Separation Products; San Jose, CA) with
an on-column capillary cell was used for absorbance detection at 210 nm. The rise time
was set at 0.1 s. The output from the detector was then filtered using a 50 Hz low-pass
RC filter and sent to an analog-to-digital board (Lab-PC-1200/AI; National Instruments;
Austin, TX). A computer program written in LabVIEW (National Instruments) was used
for data acquisition. Data were acquired at 100 Hz.
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4.2.4

LLS and LIF Detection

A schematic diagram of the laser light scattering detector is shown in Figure 4.1.
A vertically polarized argon ion laser at 488 nm (543-AP-A01; Melles Griot, Santa Clara,
CA) was used as the light source. The laser power was attenuated with a neutral density
filter to 1.8 mW. The attenuated laser beam was focused onto a fused silica capillary
(SGE Austin, TX) using a UV grade fused silica plano-convex lens (f = 19.0 mm; Oriel,
Stratford, CT). Light scattered from individual particle was collected at 90o by a 20×
microscope objective (0.5 NA) (Edmund Industrial Optics; Barrington, NJ) and then
filtered using 488 ± 10 nm band-pass filter (Omega Optical Inc.; Brattleboro, VT) to
reject fluorescence and Raman scatter. The spectrally filtered light was then spatially
filtered using a 1-mm diameter aperture (Oriel) and detected by a photomultiplier tube
(PMT) (HC120-01; Hamamatsu, Bridgewater, NJ) biased at 700 V. The PMT output was
then filtered using a 1 kHz low-pass RC filter and sent to an analog-to-digital board (PCI6035E; National Instruments). A computer program written in LabVIEW (National
Instruments) was used for data acquisition. Data were acquired at 3.0 kHz. LIF detection
was performed on the same setup as the LLS (Figure 4.1) by replacing the 488 nm bandpass filter with a 515 nm long-pass filter (Melles Griot). The LIF system was aligned
using 1.0 × 10-7 M fluorescein.

Once the LIF system was aligned for maximum

fluorescence signal, the 515 nm long-pass filter was replaced with the 488 nm band-pass
filter for LLS detection. After the system was aligned with fluorescein, the tip of the
capillary and electrode were placed in methanol for 5 min to remove any particles
absorbed on the surface of the capillary. In addition, both the tip of the capillary and the
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electrode were rinsed with TBE buffer after each injection to reduce contamination of the
running buffer. To avoid sample carryover from run to run, the capillary was rinsed with
the running TBE buffer for 2-3 min before each sample injection.

RC Filter

PMT
PH

Computer & ADC

F
MO
C
L
Laser

Figure 4.1. Schematic of the LLS detection system. L, plano-convex lens; C, capillary;
MO, microscope objective; F, band-pass filter; PH, pinhole; PMT, photo-multiplier tube;
ADC, analog-to-digital converter.
4.2.5

Data Analysis

Data obtained from the LLS system were analyzed using Grams software (version
AI 7; Galactic Industries, Salem, NH) and a program written in MatLab (version 6.1; The
MathWorks; Natick, MA). In order to identify peaks, a program written in MatLab was
used to calculate a threshold value. The threshold was set at 6× the standard deviation of
the background noise to avoid of false peaks. Once the threshold value was calculated
using MatLab, data were smoothed using Savitzky-Golay filter in Grams/AI 7 software.
The smoothed data were peak-fitted using the peak-fitting feature of Grams. This feature
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was used to determine the time values of peak maximums, peak height, and the full width
at half maximum. The output results were imported to Excel (Microsoft Corp., Remond,
WA) for further analysis.
4.2.6

Mie Scattering Calculation

Light scattering intensity at 90o was calculated using an algorithm written in
Fortran by Bohren and Huffman.126 The refractive index of the polystyrene sphere is
1.59, and the imaginary part of the refractive index was considered to be zero. A value of
1.33 was used for the medium refractive index of water. Vertical polarization of the laser
light was used for calculating the scattered intensity in reference to the scattering plane.
4.2.7

Number of Particles Injected

The total number of particles injected was calculated from the concentration of
the particles injected into the capillary and the average migration rate of the particles.
The total number of polystyrene spheres ml-1 (N) in solution was calculated according to
Equation 4.1 provided by the manufacturer (Polysciences)

N=

6 × 1012 w

ρπφ 3

(4.1)

where w is the concentration of the polymer in g ml-1, φ is the diameter of the bead in µm,
and ρ is the density of polystyrene spheres in g ml-1. The total number of polystyrene
beads electrokinetically injected (Ninj) was then calculated by Equation 4.2

N inj = πr 2 µ m Et inj N
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(4.2)

where r is the radius of the capillary in cm, µm is the average apparent electrophoretic
mobility of polystyrene beads in cm2 V-1 s-1, E is the applied electric field in V cm-1 and

tinj is the injection time in s.
4.3 Results and Discussion
4.3.1

Population Detection

Initial work was focused on the optimization of the separation conditions for
different sizes of polystyrene nanospheres using UV absorbance detection. Figure 4.2
shows a size dependent separation of seven different diameters of polystyrene
nanospheres (57, 110, 202, 356, 548, 754, and 992 nm).

Each peak represents a

population of polystyrene nanospheres ranging from 4.2 million nanospheres of 57 nm
diameter to approximately 34,000 spheres of 992 nm diameter. Similar size-dependent
separation of polystyrene spheres have been reported previously.62,86,265,268,278 The peak
width, as seen in Figure 4.2, was observed to increase with increasing diameter of the
polystyrene spheres (57 to 992 nm). This phenomenon has been reported previously, and
the main attributing factor is believed to be the heterogeneity in the electrophoretic
mobility of individual particles caused by their differences in ζ.62,86
The UV detector used is not sensitive enough to detect the absorbance and/or scattered
light from an individual particle. However, in situations where only a few particles are
present in a sample, a combination of a sensitive detection method and faster data
acquisition rate are desirable to detect and resolve individual events.
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Figure 4.2. Electropherogram of the separation of polystyrene beads using UV
absorbance detection (λ = 210 nm). Peaks are identified as (1) Mesityl oxide; (2) 57 nm
beads (4.34 × 106); (3) 110 nm beads (5.95 × 105); (4) 202 nm beads (2.43 × 104); (5) 356
nm beads (1.23 × 105); (6) 548 nm beads (4.04 × 104); (7) 754 nm beads (4.50 × 104); (8)
992 nm beads (3.42 × 104).
4.3.2

Individual Particle Separation and Detection

Laser light scattering was used to detect individual polystyrene spheres as a
means of sensitive detection. A faster data acquisition rate was also utilized to achieve
adequate number of data points required to define a peak from the scattered light by the
individual particle. The required data acquisition rate is dependent on the migration rate
of the particle, which determines the time for the bead to migrate through the laser spot
and, hence, peak width. The migration rate of the particle was calculated by dividing the
length of the capillary to the detector by the retention time of each particle size from
Figure 4.2.

The first eluted particle determines the minimum data acquisition rate

required. A single 57 nm diameter sphere traveling at 0.28 cm s-1 will cross a laser beam
spot size of 12 µm in an average transit time of 4.1 ms based on the full width half
maximum.

The minimum number of data points that define a peak is typically
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considered to be ten.71 Hence, the minimum acquisition rate was calculated to be 2.4
kHz. We used an acquisition rate of 3.0 kHz.
Figure 4.3A shows an electropherogram of the separation of individual 202 nm
diameter polystyrene spheres. A 1.3 second time slot from Figure 4.3A was expanded in
Figure 4.3B to better show the individual peaks. As shown in Figure 4.3B, each peak
represents the light scattered by an individual sphere. Using Equations 4.1 & 4.2, the
number of 202 nm particles injected was calculated to be 77. These injected number of
particles resulted in 40 counted light scattering events. In order to confirm each event is
due to the scattered light from individual polystyrene spheres, and not from electrical
noise, bubbles, or contaminants, a 3.0 s injection of TBE buffer from a different reservoir
other than the running buffer was evaluated. As seen in Figure 4.3C, no peaks were
detected around the expected migration time of the 202 nm diameter spheres, indicating
that the events in Figure 4.3A are due to scattered light by individual particles. The
average peak width of individual peaks was determined to be 7.5 ± 1.9 ms for n = 40.
This peak width is different from the theoretically calculated peak width (5.1 ms) based
on the average migration rate of individual particles. The discrepancy observed in the
peak width is likely due to the difference between the calculated spot size (12 µm) and
the actual focused spot size of the laser beam in the capillary. Despite these differences,
the consistent peak width can serve in distinguishing particle aggregation, double particle
occupancy in the detection region, and molecular detection from individual particle
detection.82,84,111
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Figure 4.3. (A) An electropherogram of individual 202 nm diameter polystyrene spheres
(77 particles injected) using LLS detection. (B) An expanded view of a 1.3 s region of
(A), showing individual scatter events. (C) Injection of TBE buffer without beads.

In addition to peak width information, Figure 4.3 also provides information on
scattered light intensity from individual 202 nm particles.

Theoretically since all

particles injected have the same size, uniform scattering intensity from individual
particles is expected. However, as seen in Figure 4.3B, the scattered light intensity varies
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from particle to particle. Similar observation in variability of scattered or fluorescence
intensity has been reported for the detection of individual particles using both scattering
and fluorescence detection methods.38,70,72-74,138-140
4.3.3

Smallest Particle Size Detected Individually

The smallest particle size that could be individually detected using the CE-LLS
system at 90o collection geometry was determined. This was done by changing the size
as well as the number of particles injected. Detection of individual 202 nm spheres was
shown in Figure 4.3. We also tested spheres of 110 and 57 nm diameter. Figure 4.4A
shows the detection of 110 nm diameter individual polystyrene spheres. There are 23
peaks seen in Figure 4.4A out of 58 beads injected with an average peak width of 6.5 ±
0.8 ms. In a similar manner, 417 polystyrene beads of 57 nm diameter were injected in
anticipation of detecting the light scattered from individual nanospheres. However, no
peaks were detected, as can be seen in Figure 4.4B. When the number of 57 nm diameter
nanospheres injected was increased by two orders of magnitude, a broad peak (~3 s) was
observed (Figure 4.4C). This broad peak indicates the detection of a population of
nanospheres (similar manner to the UV absorbance detection) instead of individual
particles. Intermediate bead sizes between the range of 57-110 nm in diameter were not
tested, so the smallest spherical particle diameter that was demonstrated to be detectable
by the current method is 110 nm. It has previously been reported that the smallest size of
polystyrene spheres that can be detected using laser light scattering in sheath flow
cytometry at 90o collection geometry was 176 nm in diameter.138,140

Although the

smallest particle size detection limit was not determined, Hercher et al. were able to
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Figure 4.4. Determination of the smallest bead size that can be detected individually.
(A) Electropherogram of individual scattering events from 110 nm diameter polystyrene
spheres (58 spheres injected). (B) An attempt to detect individual 57 nm diameter
polystyrene spheres (417 spheres injected). (C) Injection of 41, 700 polystyrene spheres
of 57 nm diameter.
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detect 91 nm polystyrene nanospheres using flow cytometry, which is closer to the
reported detection limit here.118 Mariella et al. also reported a comparable size detection
limit of 93 nm using a custom built flow cytometry instrument.147 In a recent publication,
Steen et al. described a smaller size detection (70 nm) by modifying the collection and
excitation optics of a flow cytometry instrument.148
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Figure 4.5. Separation of individual polystyrene spheres of different sizes using LLS
detection. Peaks are identified as (3) 110 nm beads (118); (4) 202 nm beads (77); (5) 356
nm beads (30); (6) 548 nm beads (135); (7) 754 nm beads (37); and (8) 992 nm beads
(36). Peak identification numbers are made to correspond to Figure 4.1.
4.3.4

Individual Particle Separation of a Heterogeneous Mixture

The ability of CE-LLS to separate and detect a heterogeneous mixture of different
sizes of individual polystyrene spheres was tested. Figure 4.5 shows the separation of a
heterogeneous mixture of six different sizes of polystyrene spheres (110, 202, 356, 548,
754, and 992 nm in diameter).

Each peak represents the light scattered from an

individual bead. The scattering intensity was observed to vary with an increase in the
diameter of the particles. Considering the difference in electrophoretic mobility of each
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sphere, along with the difference in the scattered light intensity among different size
spheres, one could distinguish the six different peak populations (3-8). Once the system
is standardized using polystyrene spheres of known diameter for light scattering intensity,
then CE-LLS could be implemented in the characterization of heterogeneous mixtures of
different spherical colloidal particles.
4.3.5

Quantification

Besides

the

characterization

of

individual

submicron

particles

using

electrophoretic mobility and light scattering intensity, it is of importance to verify the
ability of CE-LLS system as a means of quantification for individual particles. Since
particle counting offers more sensitive quantitative approach, the number of individual
scattering events was counted as a means of quantitation. These events were compared
with the theoretical number of particles injected. The number of polystyrene spheres
injected was calculated using Equations 4.1 and 4.2.

Tables 4.1-4.3 present peak

counting results for three different size polystyrene spheres (110, 548, and 992 nm
diameter) at three different concentrations. The percent detection for 110 nm polystyrene
beads (on average 38%) is lower than the percent detection for the larger size polystyrene
spheres (202, 356, 548, 754, and 992 nm). This observation is likely because the intensity
of light scattered by 110 nm polystyrene spheres is near the detection limit of the system
and some of the peaks are not counted at the threshold value set. A drop in the percent
detection was observed for 110 nm spheres as the number of particles injected was
increased from 118 to 290. The same trend was also observed for 202 nm particles when
the number of particles was increased above 150 particles (data not shown).
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Table 4.1 Peak counting results for three different concentrations of 110 nm diameter
polystyrene spheres

Particles mL-1 Number of Peaks
Detected a
× 10-6
3.55
22 ± 3
7.25
45 ± 6
17.8
68 ± 7
a
Average values are for n=4.

Number of Particles
Injected
58
118
290

Percent
Detection
38
38
24

Table 4.2 Peak counting results for three different concentrations of 548 nm diameter
polystyrene spheres

Particles mL-1 Number of Peaks
Detected a
× 10-6
2.88
14 ± 3
5.75
31 ± 4
14.4
68 ± 9
a
Average values are for n=3.

Number of Particles
Injected
27
54
135

Percent
Detection
52
57
50

Table 4.3 Peak counting results for three different concentrations of 992 nm diameter
polystyrene spheres

Particles mL-1 Number of Peaks
Detected a
× 10-6
4.85
19 ± 1
9.69
31 ± 8
12.1
49 ± 1
a
Average values are for n=3.

Number of Particles
Injected
35
69
87

Percent
Detection
54
45
56

Duffy et al. have reported 5% detection (56 detected out of 1200 injected) for 200 nm
diameter Fluoresbrite YG spheres using CE with postcolumn LIF detection.70 This
decrease in the detection efficiency with an increase in the number of particles injected
may be attributed to the increased probability of the particles passing outside the
detection area, hence passing undetected or two or more particles passing at the detection
window coincidentally.

Taylor and Yeung imaged electrophoretically separated

fluorescent particles (282 nm diameter carboxylate-modified fluorescing latex
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microsphere) in a capillary using a CCD camera.157

This work demonstrated the

dispersion of particles in the entire width of the capillary during the course of separation,
which supports to the probability of particles passing outside the detection volume.
Although the detection efficiency for polystyrene particles with diameters of 202, 356,
548, 754 and 992 nm was found to be higher than the 110 nm diameter spheres, the
average detection efficiency was determined to be between 45 and 75%. There are a
number of factors contributing to this low detection efficiency. One reason could be the
fact that the detection spot size is smaller than the inner diameter of the capillary causing
particles passing outside the detection volume to go undetected.

Other possible

contributing factors include dilution error, nonuniform sampling from the stock solution,
error in the concentration from the manufacturer, adsorption of the particles to the walls
of the capillary and effects of electrokinetic injection. Increasing the spot size of the laser
using a longer focal length lens to cover the entire inner diameter of the capillary could
increase the percent detected. In a flow cytometer, a combination of cylindrical lenses is
used to focus laser light on the entire width of the flowing column to collect all scattering
and/or fluorescence events without affecting the scattered or fluorescence intensities.137
In addition, confinement of particles using either hydrodynamic or electrokinetic to pass
particles only through the detection volume has been used to increase detection
efficiency.38,73,137-140

Schrum et al. used electrokinetic focusing of the sample that

changed the sample stream width from 16.3 to 7.3 µm and thereby increased the
detection efficiency from 57 to 98%.73
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Since LLS is not a selective detection method, scattered light arising from
particles other than the polystyrene spheres, such as air bubbles, dust particles, or
particles absorbed to the capillary may affect data interpretation.

For this reason,

fluorescent polystyrene microspheres (Fluoresbrite YG), 943 nm in diameter, were
separated and detected individually using LIF and LLS detection separately. In both
detection methods, as seen in Figure 4.6A and 4.6B, three distinct populations were
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Figure 4.6. Separation of individual Fluoresbrite YG 943 nm beads (80) using (A) LIF
detection (B) LLS detection.
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observed (I, II, III) that differ in mobility as well as fluorescence and scattered intensities.
The first population (I) migrated in the time range 135-150 s, the second (II) was
observed in the range 210-220 s, and the third (III) was observed in the range 220-240 s.
However, only the first (I) and a combination of the second (II) and the third (III)
populations were observed by absorbance detection (data not shown). This indicates that
the II and III populations in Figure 4.6A and 4.6B are due to individual fluorescence and
scattered events, which indicates a wide variation in mobility distribution of the
Fluoresbrite particles. For this reason, we treated the II and III populations as a single
population in the remainder of this discussion. Although the cause of population I is not
clear, it could be due to due to fragmented Fluoresbrite particles or contaminants.
Different concentrations of Fluoresbrite spheres were analyzed in order to
compare the detection ability of both LIF and LLS at varying particle concentrations.
Table 4.4 summarizes the number of peaks detected in comparison to the theoretical
number of particles injected using both LLS and LIF detection. As seen in Table 4.4, the
number of peaks detected for all populations (I and II + III) increased with increasing
number of injected polystyrene spheres. The number of peaks in the population (II+III)
is almost twice the number of peaks in the population I at all three different
concentrations. The number of peaks in the II and III populations are within the detection
efficiency of those shown in Table 4.1-4.3. In addition the number of peaks detected by
LLS and LIF methods are within the standard deviation of one another. This observation
leads us to the conclusion that the events, which are observed in the LLS, are due to
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individual scattered events by Fluoresbrite particles rather than air bubbles or dust
particles.

Table 4.4 Peak counting results for 943 nm diameter Fluoresbrite YG (fluorescent
labelled polystyrene spheres)

Particles mL-1
× 10-6

a
b

Number of
Particles
Injected
30
60
80

First (I) Population a
Second (II + III) Population a
b
Number of Peaks Detected Number of Peaks Detected b
Fluorescence Scattering Fluorescence Scattering

2.26
5.64
7.53
See Figure 4.6
Average values are for n=3

4.3.6

10 ± 4
26 ± 3
33 ± 9

16 ± 6
26 ± 7
38 ± 7

24 ± 5
42 ± 9
60 ± 11

23 ± 9
47 ± 10
58 ± 10

Scattered Light Intensity

The expressions for scattered radiation by a homogenous spherical particle of
known refractive index were first derived by Mie in 1908.126,132 The scattered radiation
by a particles is expressed by a 4x4 scattering matrix known as Mueller scattering
matrix.126,127 This matrix represents the four parameters of arbitrary polarized light (the
Stokes parameters); light intensity (I), horizontal linear (Q), 45o linear (U), and circular
polarization (V).127

The elements of this scattering matrix are dependent on the

wavelength, scattering angle (angle between the incident and scattering directions),
polarization of the incident light with respect to the scattering plane, refractive index of
the particle, and the complex refractive index of the medium.126 They also depend on the
composition and shape of the scatterer. Hence, determination of the elements of the
Muller matrix can provide information on the particle physical and optical properties.
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Figure 4.7. Scattered light intensity at a 90o as a function of particle diameter. The solid
curve is the theoretical simulation for Mie scattering and the dots are the normalized
experimental values. The scattered light intensities shown are average of n = 578 for 110
nm; n = 508 for 202 nm; n = 589 for 356 nm; n = 327 for 548 nm; n = 327 for 754 nm; n
= 387 for 943 nm; and n = 248 for 992 nm diameter spheres.

We calculated the scattering intensity per unit irradiance for perpendicularly
polarized light, i⊥ (|S1|2), for various sizes of polystyrene beads using a program written
by Bohren and Huffman.126 The values obtained using this program and the normalized
experimental values (normalized with respect to scattered light by 754 nm diameter
spheres) were plotted as function of particle diameter as shown in Figure 4.7. As seen in
Figure 4.7, the experimental values follow Mie theory as predicted. Zarrin et al. and
Salzman et al. have also demonstrated similar agreements between the experimental and
predicted Mie scattered light intensities for polystyrene spheres at 90o collection
angle.138,140,277

Although same scattering intensity was expected for the same size

particles, a large deviation in the scattering intensity is observed among individual
particles. Despite this wide deviation in the experimental scattering intensity for the
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same size particles, as seen in Figure 4.7, the average values are reproducible from run to
run. Pamme et al. also observed similar results for polystyrene spheres of 1-9 µm
diameter using a microfluidic device.72 The wide variation in scattering intensity among
individual particles of the same size was earlier reported to be dependent on the trajectory
path of the particle through the nonuniform Gaussian laser beam intensity distribution.139
A particle passing through the center of the laser beam profile is expected to have higher
scattering intensity than a particle passing through the lower intensity portion of the laser
beam profile. Using a numerical model it was shown that if a sample stream radius
equals half of the laser beam spot size, a monodispersed colloidal particles will generate
light scattered intensity distribution with 12.5% relative standard deviation.

139

Zarrrin

and Dovichi used sheath flow cuvette to reduce such effect by restricting the flow of the
particles to the center of the laser spot.139

In addition to sheath flow cuvette,

hydrodynamic and electrokinetic confinement of particles in microfluidic devices have
been used to reduce the scattering variability among same size individual particles.38,72,73
Schrum et al. have reported the use of electrokinetic focusing in a microchip device to
obtain an RSD of 24 % by restricting the sample flow to 15% of the laser spot size.73
4.4 Conclusion

In this paper, the separation and detection of individual submicron particles using
CE-LLS has been demonstrated.

Small numbers of individual particles can be

characterized and quantified based on their differences in electrophoretic mobility and
scattered light intensity. The scattered light intensity collected at 90o was observed to be
a complex function of the particle diameter.
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Particle counting offers a sensitive quantitative approach.

Quantification of

particles based on counting individual events due to scattered light from individual
particles is used. The detection efficiency for different size particles was observed to be
in the range of 38 to 78%. Increasing the spot size and confining the path of the particles
through the center of the capillary can improve the detection efficiency and reduce the
wide difference in scattering intensity of individual particles of the same size. Future
direction will, therefore, involve increasing the detection efficiency, as well as adding
low angle collection geometry to the detection system to make use low angle advantages
and two-dimensional particle characterization.

130

CHAPTER 5
DEVELOPMENT OF A DETECTOR FOR LASER-INDUCED
FLUORESCENCE AND LIGHT SCATTERING AT TWO ANGLES FOR
CAPILLARY ELECTROPHORETIC ANALYSIS OF INDIVIDUAL
SUBMICRON PARTICLES
5.1 Introduction

Individual submicron particle characterization is important in environmental,
industrial, and clinical applications and various detection methods developed to meet the
needs of each application.18,86,261,262 Laser-induced fluorescence and laser light scattering
are frequently used as sensitive methods for detection of individual submicron
particles.18,33-35,74,77,83,86,107,118,140 Size, shape, refractive index, and individual particle
content can be deduced from fluorescence and scattered light at various
angles.33,78,126,127,262
Light scattered by a single particle is the sum of all the waves radiated from the
particle and is dependent on the phase relationship between these individual waves.
Interaction of these waves can be either destructive or constructive depending on the
scattered angle (angle between the incident and reradiated ray) and the distance between
each dipole relative to the incident ray. Considering scattered waves in the forward
direction, due to the finite distances between the dipoles, radiated waves interact
constructively.127,131 Figure 5.1 demonstrates the phase relationship between forward and
backward scattered light. Since the scattered waves are in phase in the forward direction,
the scattered light intensity increases as the number of dipoles in the particle increase. As
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the volume of a particle increases, the scattering intensity increases proportionally. In
contrast, light scattered at any angle other than the forward angle will be impacted by the
out of phase (destructive) interaction. Light scattered in the backward direction is more
susceptible to destructive interference due to the large path difference arising from the
positions of the dipoles as indicated in Figure 5.1. Since the light scattered by a particle
is the sum of all the waves scattered by each of its dipoles, scattered light intensity at
angles other than the forward angle is a complex function of particle size.

Incident Light

Back Scatter

Forward Scatter

Individual Dipole

Figure 5.1. Schematic of the LLS by a particle in the forward and backward direction.
Phase difference is dependent on the separation distance between individual dipoles and
scattering direction. Light scattered backwards from points 1 and 2 is susceptible to large
path difference, which leads to destructive interference. In the forward direction, the path
difference is minimum, therefore, regardless of the separation distance between the
individual dipoles, the scattered light from points 1 and 2 is likely to constructive
interference.

Particle shape is another factor affecting the scattering intensity. Two particles
having same volume but different shape will scatter light distinctly. Although the two
particles have the same number of dipoles per unit volume, difference in the distance
between individual dipoles may result in an opposite or the same phase relationship

132

between the waves, thereby varying scattering intensity. Shape has less impact, however,
on forward scattering due to negligible effect of dipole separations on the phase
relationship of the reradiated rays.126,127 On the other hand, at large angles the phase
difference is pronounced due to the variation in distances among individual dipoles
resulting from the change in shape of the particle. Therefore, particle shape can affect the
scattering intensity at larger angles significantly in comparison to forward direction.
Although the shape of a particle plays a critical role in scattering, particle
composition (primarily refractive index of the particle) also affects the scattering of light.
For example, cells having the same size and shape but different refractive indices will
scatter light differently.33,127 This difference in light scattering has been used as a means
to calculate cell viability. A live cell with higher refractive index relative to the medium
will scatter light more intensely than a dead cell with lower refractive index. For the
aforementioned reasons, forward light scattering has commonly been used to estimate
particle size in flow cytometry.33,127
Large angle scattering (15-150o) has been used to characterize the surface
roughness and internal structures of cells or particles.33,127 Unstained leukocyte cells
have been classified into three categories; lymphocytes, monocytes, and neutrophils,
based on their surface morphology using laser light scattering at two different angles.279
Contrary to the expectation of high scattering intensity in the forward direction, light
scattered at 90o was observed to be more intense than at a small angle (1o). This high
scattering intensity at large angles was attributed to be the combination of multiple
reflections and the summation of single scattering events from individual granules.
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Simultaneous detection of fluorescence and light scattering from individual
particles provide supplementary features to particle characterization.

Fluorescence

intensity from a single particle indicates the amount of fluorescent material in the
particle. Different size particles containing the same fluorescent material but in different
amount will fluoresce at different intensities.

Peak area or peak height, therefore,

represents the amount of fluorescent material in the particle. Hence, fluorescence has
been used to determine the amount of material in individual submicron particles.78,83
Fluorescence induced by polarized light is polarized light of unequal intensity at
various directions of polarization. Polarization and anisotropy of fluorescent light have
been used to characterize individual particles. Freely moving excited molecules can
orient in different directions and therefore emit light in a different plane of polarization.
Molecules can orient themselves in different directions after excitation and before
emission resulting in fluorescence depolarization.

The greater the motion of the

molecule, the greater degree of the depolarization. This effect can be used to study the
binding of dyes to macromolecules, where the freedom of movement of the dye molecule
is restricted by the macromolecule. The degree of polarization (p) and anisotropy (r) of
fluorescence emission which are defined as
p=

r=

I − I⊥
I + I⊥
I − I⊥
I + 2I ⊥
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(5.1)

(5.2)

where I and I⊥ are fluorescence intensity at parallel and perpendicular polarization.
Fluorescence anisotropy and polarization can be used to estimate the ratio of free and
bound dyes. The value of polarization and anisotropy increase as molecular rotation is
increasingly restricted. Flow cytometry has been used to estimate the size of DNA
molecules based on their fluorescence anisotropy.280
Unlike laser light scattering, laser-induced fluorescence detection is dependent on
the fluorescence of the material present in a particle. Sensitivity of LIF is largely
dependent on the fluorescent material rather than the particle size. Thus, detection of
individual particles smaller than the detection limit of LLS (110 nm) is achievable using
LIF detection with high quantum yield fluorescent molecule. Moreover, since LIF is a
selective detection method, selective characterization and quantification of a selected
particle’s content is feasible.
Fluorescence or scattered light peak width has been used to determine particle
size.33,281-283 Different size particles traversing a laser beam yield different peak widths
depending on particle size, flow rate, and laser beam waist. Particles of different size
flowing at the same speed through a substantially larger beam waist than the diameter of
the smallest particle generate the same peak width. Differences in peak width become
more pronounced when the beam waist is smaller than the size of the particles.33 In such
instances, peak width should have a direct relationship to particle size. On the other
hand, if the flow rate of the particles is different, the peak width generated is dependent
on the flow rate of the particles through the beam waist. Sharpless and Melamed detailed
the estimation of cell size from the peak width in flow cytometery.282 Later, Hammond et
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al. used forward scatter peak width to determine the size of particles passing through a 20

µm beam waist.283 Peak width was determined by subtracting an offset that corresponds
to the laser beam waist. The authors were able to discriminate between 1.70 and 1.78 µm
particles based on the peak width.
When characterization of a particle is required, it is necessary to at least collect
scattered light at forward and right angles, as well as fluorescence.

Simultaneous

detection of scattered light at multiple angle and fluorescence has played a pivotal role in
the characterization of individual particles using flow cytometry.33 In flow cytometry,
particles are hydrodynamically forced to pass individually through a detection beam.
Optical signals, such as scattered light at different angles, extinction, and fluorescence,
are collected simultaneously. Angular based laser light scattering information has been
used to distinguish among different cells or colloidal particles.33,164,284-286
Since flow cytometry lacks a separation element (based on the physical or
chemical nature of particles), it can hardly be used to characterize individual submicron
particles having characteristics that can only be distinguished with either light scattering
or fluorescence signals only.
interpretations.

The presence of aggregation can also lead to false

In such cases, a technique capable of separating and characterizing

individual submicron particles according to their size, shape, and composition is desirable
and can be realized by incorporating separation techniques with sensitive detection
methods.
Despite the wide use and advancement of LIF and LLS in flow cytometry for the
characterization of particles, LIF and LLS have found limited use with CE for the
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detection of individual submicron particles. It is only recently that LIF and LLS have
been used with CE for the characterization of individual particles.70-75,77-79,82,84,85
Individual polystyrene spheres ranging from 550 nm to 9 µm have been separated by CE
and microfluidic devices using LLS detection.71-73,85 Although there are a few reports on
combined single angle LLS and LIF detection for CE,73 nothing has been reported
utilizing a combination of multi-angle LLS and LIF for the characterization of individual
colloidal particles.
In this chapter, we describe the construction of laser-induced fluorescence and
dual angle laser light scattering detection system with capillary electrophoresis in order to
characterize individual submicron particles.

The performance of the constructed

instrument for simultaneous detection of scattered light (20o and 90o) and fluorescence
(90o) from individual fluorescently labeled polystyrene beads is demonstrated.

In

addition, the smallest particle size that can be detected at the forward and large angle is
determined. Characterization of rod-shaped nanoparticles is also explored.
5.2 Experimental
5.2.1

Chemicals

Polystyrene beads with 80 nm diameter (CV < 18%) were purchased from Duke
Scientific Corporation, (Palo Alto, CA). Polystyrene beads with diameters of 59 ± 2.3,
108 ± 4.5, 202 ± 10, 356 ± 14, 1072 ± 19 nm, and Fluoresbrite Yellow Green (YG) (948

± 10 nm) were obtained from Polysciences. Coumarin 500 was purchased from Fisher
Scientific (Pittsburgh, PA). Tobacco mosaic virus (TMV) (20 mg mL-1) in phosphate
buffer (pH 7.4) was kindly donated by Dr. Paul Russo (LSU Chemistry Department).

137

Phosphate buffer (1.0 mM at pH 7.4) was prepared for the separation of TMV. All other
chemicals and buffers used in this Chapter are described in section 4.2.1. The same
protocol as described in Section 4.2.1 was employed for the filtration and preparations of
samples and buffer.
5.2.2

Capillary Electrophoresis

Fused-silica capillaries (50 µm i.d. and 363 µm o.d.; Polymicro Technologies,
LLC; Phoenix, AZ), were used for the separation of polystyrene particles. A high voltage
power supply (CZE1000R; Spellman, Hauppauge, NY) was used for electrophoresis. All
electrokinetic injections of 3.0 s were made at 25.0 kV. An electric field of 431 V cm-1
was applied for separation unless otherwise noted.
5.2.3

UV Absorbance Detection

A Linear UV/VIS 500 detector (Thermo Separation Products; San Jose, CA) with
an on-column capillary cell was used for absorbance detection at 210 nm. The rise time
was set at 0.1 s. The output from the detector was then filtered using a 50 Hz low-pass
RC filter and sent to an analog-to-digital board (Lab-PC-1200/AI; National Instruments;
Austin, TX). A computer program written in LabVIEW (National Instruments) was used
for data acquisition. Data were acquired at 100 Hz.
5.2.4

LIF and LLS Detection

The new instrument was designed and built to enable simultaneous collection of
scattered light at two different angles (20o and 90o) as well as fluorescence. Figure 5.2
shows the schematic of the LLS and LIF detection system. As seen in Figure 5.2, light
from a 404 nm diode laser (APM20(405-30)G2A; Power Technology, Little Rock, AR)
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Figure 5.2. Schematic of the LLS and LIF detection system. Key M, mirror; L, plano-convex lens; C,
capillary; MO, microscope objective; BP, band-pass filter; BD, beam dump; DM, dichroic mirror; LP,
high-pass filter; PH, pinhole; PMT, photo-multiplier tube; RC, low-pass RC filter; ADC, analog-todigital converter.
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was attenuated to 0.6 mW using a neutral density filter. The attenuated laser beam was
focused onto the capillary (Polymicro Technologies, LLC; Phoenix, AZ) using a UV
grade achromatic lens (f=60 mm; Rolyn, Covina, CA).

Light scattered at 20o was

collected using an infinity corrected microscope objective (0.23 NA) (MITUTOYO OBJ.
PLAN APO 10×; Edmund Industrial Optics; Barrington, NJ).

Scattered light and

fluorescence from particles at 90o were collected using an (10×) infinity corrected
microscope objective (0.28 NA) (Optical Product Development (OPD); Lexington, MA).
Light collected at 20o using the microscope objective was first filtered using a 405 ± 10
nm band-pass filter (Melles Griot.; Brattleboro, VT) to reject fluorescence and Raman
scattering and then focused onto a pinhole using a UV grade plano-convex lens (f=200
mm; Edmund Industrial Optics). Fluorescence and scattered light collected at 90o using
the microscope objective were first separated using a dichroic mirror (420 DCLP; Omega
Optical Inc.) which reflects the scattered light at 45o with respect to the dichroic mirror
and passes the fluorescence through the dichroic mirror. The now separated light was
further filtered using appropriate filters (03FIM002; 405 ± 10 nm band-pass filter (Melles
Griot)) for scattering and 420 nm long-pass filter (Melles Griot) for fluorescence.
Additional lenses (f=125 and f=200 mm; Edmund Industrial Optics) were used to focus
the filtered scattered and fluorescent light respectively onto 800 µm pinholes. The
spatially and spectrally filtered light (20o and 90o scattered light and 90o fluorescence)
was then detected by three individual PMTs (HC120-01; Hamamatsu, Bridgewater, NJ)
biased at 700 V. When necessary, neutral density filters were used in front of the PMTs
to attenuate scattered light intensity. Finally, the PMT outputs were filtered using a 1
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kHz low-pass RC filter and sent to an analog-to-digital board (PCI-6035E; National
Instruments). A computer program written in LabVIEW (National Instruments) was used
for data acquisition with data acquired at 3.0 kHz.
5.2.5

System Alignment

The new system was aligned for maximum signal to noise ratio and optimal
detection efficiency. Initially, the 90o fluorescence collection geometry was aligned
using 1.0 µM coumarin 500 for maximum fluorescence.

After aligning the 90o

fluorescence, the forward-angle scattering collection geometry was first aligned using
fluorescence emission of coumarin 500 in a similar manner to the 90o fluorescence
alignment protocol using a 515 nm high-pass filter instead of the 405 nm band-pass filter.
Once the forward-angle collection geometry was aligned by achieving maximum
fluorescence signal, the 515 nm long-pass filter was replaced with the 405 nm band-pass
filter. The 90o scattering path could not be aligned for maximum fluorescence in a
manner analogous to the 90o fluorescence and forward-angle scattering as the dichroic
mirror filters out the fluorescence signal. Initially, 1.1 µm diameter polystyrene beads
were first used to align the 90o scattering collection geometry since scattered light from a
population of 1.1 µm particles can be distinguished visually and used to as aid in
focusing the scattered light onto the pinhole. These particles were then replaced with 59
nm polystyrene beads for maximum scattering signal from a population of 59 nm
particles. Finally, in order for the two microscope objectives to collect scattered light and
fluorescence from individual particles in the same spot on the capillary, additional fine
tuning was necessary. This alignment was achieved by detecting individual 202 nm
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particles and tweaking the xyz microscope objective positioners in order to equate the
number of peaks in all three channels. This alignment of the system ensures maximum
S/N and maximum percent detection with each detection channel.
After the system alignment, the tip of the capillary and electrode were placed in
methanol for 5 min to remove any particles adsorbed on the surface of the capillary. In
addition, both the tip of the capillary and the electrode were rinsed with TBE or
phosphate buffer after each injection to reduce contamination of the running buffer. To
avoid sample carryover from run to run, the capillary was rinsed with the running TBE
buffer for 2-3 min before each sample injection.
5.2.6

Electron Microscopy

Tobacco mosaic virus (TMV) in 10.0 mM phosphate buffer (pH 7.4) was
adsorbed onto a glow discharge carbon-coated copper grid. The grid was then stained
with uranyl formate. An electron microscope (JEOL100CX) at 100 kV was used to
inspect the specimen and images were taken at a nominal magnification of 10,000× and
100,000×.
5.2.7

Data Analysis

Data obtained from the LLS and LIF systems were analyzed using Grams
software (version AI 7; Galactic Industries, Salem, NH) and a program written in MatLab
(version 6.1; The MathWorks; Natick, MA) as described in Section 4.2.5.
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5.3 Results and Discussion
5.3.1

Theoretical Expectation

The angular distribution of scattering predicted by the Mie scattering theory for
particle sizes from 70-1000 nm at various angles (0o, 10o, 15o, 27o, 36o, 45o, 90o, 135o,
180o) is shown in Figure 5.3.

Light scattering intensity per unit irradiance for

perpendicularly polarized light, i⊥ (|S1|2) at various angles was calculated using a program
written by Bohren and Huffman.126 A laser wavelength of 404 nm and refractive indices
of 1.59 and 1.33 for polystyrene particles and buffer respectively were used for this
calculation. Values obtained using this program were plotted as a function of particle
diameter as shown in Figure 5.3. Scattered light intensity, as seen in Figure 5.3, is
dependent on the scattering angle and is more intense in the forward direction relative to
other angles. Moreover, the scattered light at low-angles (0-15o) is monotonically related
to the particle size for sizes less than 1 µm. However, as the angle increases beyond 15o,
the scattered light becomes a complex function of particle diameter. Since scattering
intensity is dependent on the size and shape of the particle and the scattering angle,
collecting scattering events at two different angles provides two-dimensional
characterization of particles. The scattered irradiance at larger angles is more sensitive to
internal structural and refractive index differences than forward scattering.127 Collecting
scattering events at low angles has several advantages. Spherical particles scatter more
intensely at low angles compared to 90o scattering as shown in Figure 5.3, possibly
reducing the detection limit below 110 nm in diameter. Consequently, it is important to
collect scattering events at low angle in addition to the 90o collection geometry.
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Scattered light at a forward angle, at 90o, and the scattered light ratio (forward angle/90o)
versus diameter or length will serve as a foundation for characterizing submicron
particles.
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Figure 5.3. Scattered light intensity at various angles as a function of particle diameter.
The scattered intensity values are the theoretical simulation for Mie scattering.
5.3.2

New System Performance

The new instrument was designed and built to enable simultaneous collection of
scattered light at two different angles (20o and 90o) as well as fluorescence (at 90o).
Figure 5.2 illustrates the schematic of the LLS and LIF detection system. This system is
similar to the previously described instrument in Section 4.2.4. However, scattering at
15o collection angle and fluorescence at 90o collection angle have been added.

In

contrast to the instrument described in Section 4.2.4, this new instrument uses two
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infinity corrected microscope objectives with long working distances. The use of these
objectives affords enough physical space to fit two microscope objectives at the capillary.
Rays leaving the infinity corrected microscope objective run parallel to each other,
making necessary additional lenses to focus the collected light into the pinholes, as seen
in Figure 5.2.
Once the new system was assembled, it was used to separate and detect individual
fluorescently labeled polystyrene beads (948 nm diameter).

A portion of an

electropherogram collected with the new instrument while flowing individual 948 nm
fluorescently labeled polystyrene beads is displayed in Figure 5.4, illustrating
simultaneous detection of scattered light at two angles (20o and 90o) and fluorescence at
90o. The scattered and fluorescence light intensity was attenuated using optical density
filters to drop the light intensity to a level below PMT’s maximum detection level (biased
at 700 V). From Figure 5.4A, 43, 51, and 54 peaks were counted (out of 61 particles
injected) with average peak widths of 6.0 ± 2.7, 5.6 ± 1.6 and 6.5 ± 2.3 ms at 20o
scattering, 90o scattering, and 90o fluorescence respectively. A peak width of 5.7 ms is
expected, assuming 10 µm diameter laser beam spot size and an average migration rate of
0.17 cm/s for the 943 nm Fluoresbrite particles. The experimental values agreed with the
expected peak widths within the experimental error.

Additionally, there was no

significant difference between the number of peaks observed due to 90o scattered light
and fluorescence collected using the same microscope objective. Pamme et al. reported
5% difference between scattered light at 15o and 45o.72 The difference observed in the
number of peaks between the 20o and 90o light collection geometries could be due to the
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use of two different microscope objectives. These objectives can collect light from two
distinct focal points on the capillary, affecting the number of scattered light or
fluorescence events and intensities. The difference in the number of peaks between 90o
and 20o scattering for the detection of 202 nm particles was dropped from 21% to 4%,
when the microscope objective used to collect scattered light at 20o was refocused on the
capillary as described Section 5.2.5.

Therefore, it is necessary to take additional

precaution in aligning the system in order to eliminate the observed mismatch in the
number of peaks in each channel. In addition, the presence of high scattering background
in the forward direction addressed via the use of a high optical density filter can suppress
low intensity scattered light leading to decrease in the number of peaks in the 20o
scattering detection.
A 0.3 s time period from Figure 5.4A is shown in Figure 5.4B to highlight
individual scattering and fluorescence events. As shown in Figure 5.4B, the scattering
and fluorescence signals vary for three particles shown in the figure.

Assuming a

uniform light distribution and uniform size and shape of particles, the intensity ratio
between the 20o scatter, 90o scatter, and fluorescence is expected to remain constant for
each peak resulting from identical particles. However, as seen in Figure 5.4B, the ratio
between 20o & 90o scattering intensity for each of the three particles was observed to
vary. The coefficient of variation (CV) for the ratio of scattering at 20o and 90o with
respect to the 90o fluorescence intensity for the three peaks in Figure 5.4B was
determined to be 15% and 5% respectively. Difference in scattering ratio at two different
angles (15o and 45o) was reported by Pamme et al.72 Various factors could attribute to
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the observed difference in scattering light intensity among individual particles and the
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Figure. 5.4. (A) Separation of individual Fluoresbrite YG 948 nm beads (61) using 20o
and 90o scattering and fluorescence detection. (B) An expanded view of 0.3 s region of
(A), showing individual scatter and fluorescence events. Conditions: 58.0 cm total
capillary length, 38.0 cm to detection window, 50 µm i.d., 363 µm o.d. capillary; 3 s, 25
kV injection; 25 kV separation potential; TBE buffer pH 8.3. Neutral density filters with
transmittance of 0.3%, 10% and 32% were used in front of the 15o and 90o scattering and
fluorescence collection PMTs respectively.
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for the same size particles at a single angle detection was reported to be dependent on the
trajectory of the particle through the Gaussian distribution of the laser beam.139 Particles
passing through different spots of the laser beam scatter light differently, leading to the
observed variation in scattering intensity ratio.

Aggregation of particles could also

contribute to the observed variation, due to their difference in size, shape, and orientation.
5.3.3

Detection Limit: Smallest Particle Detected

The smallest particle that can be detected individually using the CE-LLS system
described in Section 4.5 was assumed to be 110 nm diameter polystyrene beads.
However, particle sizes between 57 and 110 nm particles were not tested. In order to
asses the smallest individual particle size detectable using the new system, we tested 108
nm and 80 nm diameter polystyrene particles.

An electropherogram showing the

detection of individual 110 nm particles at both detection angles (20o and 90o) is shown
in Figure 5.5A. When 192 polystyrene beads were injected (calculated theoretically), 51
and 60 peaks were counted with S/N of 21 and 25 at 20o and 90o scattering angles
respectively. As the particle size was dropped to 80 nm, a S/N of seven was observed for
peaks counted at 20o scattering as shown in Figure 5.5B. This S/N is closer to the
threshold value set to pick peaks (S/N=6). Hence, only 32 peaks were counted out of 513
beads injected. Despite the expected high intensity scattering in the forward direction,
the presence of high background scattering from the capillary has limited the detection
limit of the 20o collection geometry to 80 nm. Similarly, high background in the forward
scattering was reported in a sheath flow cuvettes, limiting the detection limit to a 350 nm
diameter spherical particle.33,138,140 In a recent publication, Steen et al. described a
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Figure 5.5. Determination of the smallest particle size that can be detected individually
at 20o and 90o scattering. Electropherogram of individual (A) 108 nm diameter
polystyrene spheres (58 injected) (B) 80 nm diameter polystyrene particles (513 injected).
Conditions: 58.0 cm total capillary length, 38.0 cm to detection window, 50 µm i.d., 363
µm o.d. capillary; 3 s, 25 kV injection; 25 kV separation potential; TBE buffer pH 8.3. A
neutral density filter with transmittance of 50% is placed in front of the 20o scattering
angle collection.

smaller size detection limit (70 nm) in the forward direction, which is closer to detection
limit reported here, by modifying the collection and excitation optics of a flow cytometry
instrument.148 The middle trace of Figure 5.5B shows light scattered by individual 80 nm
polystyrene particles at 90o detection angle. This detection limit is closer to reported size
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detection limit (90 nm) in flow cytometry using a 90o collection geometry.118,140 Out of
513 particles injected, 34 peaks were counted with S/N of nine. The detection efficiency
for 80 nm polystyrene beads is 6% on average. This detection efficiency is lower than
the detection efficiency reported in Section 4.3.5 (24%) for the smallest particle size
detected (110 nm). The observed low detection efficiency could be due to a larger
number of particles injected (approximately twice the concentration of 110 nm particles
injected) increasing the probability of particles moving outside the detection beam and
going undetected. Duffy et al. reported an equivalent detection efficiency (5% detection)
for 200 nm diameter Fluoresebrite YG spheres using CE with postcolumn LIF
detection.70 Since the 80 nm diameter particles are closer to the detection limit of the
system, particles passing through the lower intensity portion of the Gaussian distributed
laser beam could scatter below the set threshold value and be buried under the
background noise.
5.3.4

Separation and Detection of Individual Rod-Shaped Particles

In Section 5.3.2 and 5.3.3 above, the ability of the new system to separate and
detect individual spherical polystyrene particles was demonstrated. Since non-spherical
particles could migrate and scatter light differently than spherical particles, the data
obtained from Chapter 4 and section 5.3.2 cannot be used by itself to interpret data from
non-spherical particles. Hence, it is essential to calibrate the new system with a model
non-spherical particle. Tobacco mosaic virus is a hollow cylindrical particle with a
length of approximately 300 nm, diameter of 15 nm with a central hole of 4 nm.287,288
TMV has been used previously as a model analyte for rod-shaped particles.14,289-292 The
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availability of extensive literature on TMV makes it an excellent candidate as a rodshaped model analyte.
The separation and detection of population of TMV and mesityl oxide using CE
with UV absorbance detection is illustrated in Figure 5.6A. Similar separation and
detection of TMV was also reported using UV absorbance detection.14 Once it was
proven that TMV can be migrated in the capillary by applying an electric field, an
attempt was made to separate and detect individual TMV using CE-LLS by diluting the
concentration of TMV to 6.0 × 10-3 mg ml-1. However, as seen in Figure 5.6B, no single
TMV can be detected at either detection angles (20o & 90o). When the concentration of
TMV was increased to 6.0 × 10-2 mg ml-1 (same concentration as the TMV in Figure
5.6A), scattered light from a population of TMV was detected in similar manner to the
UV absorbance detection. Failure to detect individual TMV could be due to either the
number of TMV particles injected being too low or absent or the size of the particles
being below the size detection limit of the new instrument.
In order to confirm the presence of TMV in our sample, 6.0 × 10-3 mg ml-1 TMV
from the running sample was imaged using an electron microscope. Figure 5.7A shows
an EM image of a large number of rod-shaped TMV particles in our running sample.
Cylindrical hollow-shaped particles an approximately length of 270 nm and with of 10
nm are shown in Figure 5.7B, which corresponds to the reported size and shape of
TMV.287,288 These images prove the presence of TMV in the CE running sample but
scattered light from individual TMV could not be detected.
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Figure 5.6. (A) Electropherogram of neutral marker mesityl oxide (1) and 6.0 × 10-2
mg/ml tobacco mosaic virus (2) using UV absorbance detection (λ=210 nm). (B) An
attempt to detect individual TMV (6.0 × 10-3 mg/ml) at 20o and 90o scattering detection.
(C) Population detection of TMV (6.0 × 10-2 mg/ml) using LLS at 20o and 90o.
Conditions: 53.0 cm total capillary length, 33.0 cm to detection window, 50 µm i.d., 363
µm o.d. capillary; 3 s, 25 kV injection; 25 kV separation potential; 1.0 mM phosphate
buffer pH 7.4. A neutral density filter with transmittance of 32% was used in front of the
forward scattering collection PMT.
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Unlike the spherical particles, TMV can orient itself differently due to rotation of
the particles in the electric field while inside the separation capillary.14 Even though light
scattered in the forward direction is predicted to be independent of the orientation of the
rod-shaped particle, scattered light intensity at 90o could be dependent on the orientation
of the particle. For this reason, TMV was subjected to various electric field strengths
during separation in order to vary the orientation of the particle with respect to the length
of the capillary in accordance to the prediction by Grossman and Soane.14

A

B

Figure 5.7. Electron microscopy images of tobacco mosaic virus (TMV). (A) At
10,000× and (B) at 100,000× magnifications.

When the electric field was increased from 142 to 566 V cm-1, the mobility of TMV
increased monotonically from -4.6 to -3.7 × 10-4 cm2 V-1 s-1 as shown in Figure 5.8A.
The average electrophoretic mobility at each electric field strength was used to calculate
the expected orientation of TMV using the equations provided by Grossman and Soane.14
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Figure 5.8. (A) Effect of electric field on the electrophoretic mobility of TMV and 356
nm polystyrene beads. (B) Predicted orientation of TMV as a function of electric field
strength.

When electric field strength was increased from 142 to 566 V cm-1, TMV was expected
to reorient from 53o to 40o with respect to the length of the capillary as shown in Figure
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5.8B. A similar trend in mobility change as a function of electric field was observed for
TMV.14 However, contrary to the findings of Grossman and Soane, the mobility of 356
nm polystyrene particles was also observed to increase as the electric field strength was
increased (Figure 5.8A).
Considering the fact that orientation of TMV could change the resulting scattering
intensity, scattering measurements taken from a population of TMV particles were
collected at various electric field strengths. No variation in scattering intensity was
observed when the electric field strength was varied from 142 to 566 V cm-1. Moreover,
no single scattering event was observed at a lower concentration of TMV (6.0 × 10-3 mg
ml-1) at any of the applied electric fields. Even though variation in electric field only
causes a 13o shift in the orientation of TMV, the model used to calculate the orientation
did not consider the electrophoretic retardation force. This force could be a contributing
factor for the observed increase in mobility (19%) when the field strength was
increased.86 This additional force could also affect the orientation of TMV in addition to
the Stokes drag. Furthermore, since similar incremental change in mobility (17%) was
observed for 356 nm polystyrene particles, it is unclear if the electric field effect caused
the expected change in orientation of TMV under our experimental conditions. It is
impossible to reach a conclusion on whether or not the orientation of TMV affects the
scattering intensity. The light scattering intensity in the forward direction is independent
of either the shape or orientation of a particle, and it is proportional to the square volume
of the scatterer. Considering these two facts, we calculated the volume of TMV in order
to roughly estimate the expected scattered light intensity and compare it with the smallest
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individual particle detectable by the new system. Assuming TMV as a solid cylindrical
structure having a length of 300 nm and a width of 15 nm, the volume was determined to
be 1.7 × 10-17 cm3. The smallest particle that can be detected using the system is
currently an 80 nm diameter spherical with a calculated volume of 2.7 × 10-16 cm3.
Assuming scattering intensity in the forward direction is dependent on the square volume
of the scattering particle, TMV is theoretically expected to scatter at an intensity two
orders of magnitude lower than an 80 nm diameter particle based on the calculated
volumes. Moreover, the refractive index of TMV is lower than a polystyrene bead.
Assuming the same volume and shape, lower scattering intensity is expected for the
particle with a lower refractive index. Due to the aforementioned reasons, no scattering
event can be expected from a single TMV particle, which supports the observation in
Figure 5.6B.
5.4 Conclusion

A capillary electrophoresis system with LIF and dual angle (20o & 90o) LLS
detection has been successfully constructed for the separation and detection of individual
submicron particles. The ability of the system to separate and detect individual 943 nm
fluorescent particles is demonstrated. The smallest particle size that can be detected
using the LLS at 20o and 90o scattering angles was determined to be about 80 nm in
diameter spherical particle. Even though scattered light and fluorescence events were
recorded at the three channels, 16% difference in the number of peaks was observed
between scattering at 20o and 90o and fluorescence. The observed difference in the
number of peaks was found to be dependent on the focusing location of the microscope
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objectives in the capillary. The detection of population of rod-shaped particles, TMV,
was shown using UV absorbance and laser light scattering detection. However, when the
concentration of TMV was reduced by a factor of ten (in comparison to the concentration
of the TMV used for UV absorbance detection), scattered light from individual TMV
could not be detected. In order to study the effect of orientation of TMV on the scattering
intensity, electric field strength was varied. Despite the expectation of variation in the
orientation of TMV with variation in electric field strength, no change in scattering was
observed. However, an increase of 17 and 19% in electrophoretic mobility was observed
for TMV and 356 nm polystyrene particles respectively as the electric field strength was
increased from 142 to 556 V cm-1 indicating the involvement of additional forces in the
mobility the under the experimental conditions.

157

CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Conclusions

The research presented in this dissertation encompasses the use of optical
detection methods with capillary electrophoresis for the characterization of individual,
submicron particles of various sizes and shapes. Laser light scattering and laser-induced
fluorescence have been used as sensitive detection methods for submicron particles.
Heterogeneous mixtures of submicron particles were separated based on their differences
in electrophoretic mobility and were detected using laser light scattering at a 90o
collection angle.

The difference in scattering intensity and electrophoretic mobility

between individual particles was used as the basis for particle characterization in CELLS.

Although light scattered at 90o can provide both qualitative and quantitative

information about particles, forward angle scattering and laser-induced fluorescence
detection in combination with 90o scattering enables more complete characterization of
particles. However, not all molecules or particles are natively fluorescent. In order to
take advantage of LIF detection, it is necessary to derivatize non-fluorescent analytes
without negatively affecting their separation using either fluorogenic binding dyes or
chemical derivatizing reagents. Towards this end, a simple and reproducible method for
constructing perfectly aligned gaps in fused-silica capillary has been developed. The
techniques developed in this dissertation will be used to characterize heterogeneous
mixtures of submicron particles with diverse sizes and shapes, by derivatizing the non-

158

fluorescent particles on-column and simultaneously detecting the fluorescence at 90o and
scattered light at 20o and 90o.
A simple and reproducible method to construct perfectly aligned gaps in fusedsilica capillaries for postcolumn reagent addition with capillary electrophoresis was
detailed in Chapter 2. This laser ablation based technique was used to cleave a capillary,
creating a gap of 14.0 ± 2.2 µm (n = 33) at the bore of the capillary with a 94% success
rate.

This method of gap construction, in comparison to other methods of gap

construction, produced highly reproducible and perfectly aligned gaps. Moreover, the
performance of these gaps was found to be comparable in terms of separation efficiency
and limit of detection for amino acids and proteins to that of gaps made manually under a
microscope. Although reproducible gaps with reasonable performance were reported in
Chapter 2, these gaps suffered from debris and irregular surfaces on the front and back of
the gap. Therefore, it is desirable to reduce gap size and improve uniformity of the gap
across the diameter of the capillary using reduced laser ablation energies.
In Chapter 3, the minimum ablation energy required to completely cut through
fused-silica capillaries to form gaps was reduced in comparison to the gap fabrication
method reported in Chapter 2. This was accomplished using laser-induced backside wet
etching. The threshold ablation energy required to create a gap with the aid of various
solvents and dyes was observed to vary.

Contrary to reports in the literature, the

threshold ablation energy was generally shown to be independent of the concentration of
the dye absorbing at the laser wavelength but rather on the type of solvent used.
Therefore, detailed studies were performed to understand the mechanism of the LIBWE
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process in order to use this technique as a reliable gap construction method. Considering
all the physical and chemical properties of the different solvents examined, the nonlinear
refractive index was demonstrated to play a pivotal role in the LIBWE process. The
nonlinear refractive index resulted in a self focusing effect. Thus, different solvents
could be employed for better controlled micromachining of fused-silica capillaries using
the solvents’ self-focusing ability to produce the required size and uniformity of the gap
at reduced pulse energies. Using this method, gap size was reduced up to 56% in
comparison to gaps created using conventional ablation with no solvent used (air). Gaps
made using solvent assistance was shown to provide comparable performance to that of
air-cut gaps for post-column derivatization with CE-LIF. Gaps created using the methods
developed in Chapters 2 & 3 could be used as reagent addition devices to tag protein
aggregates or other submicron particles by derivatizing the aggregates or particles with
specific fluorogenic binding dyes or chemical derivatizing reagents after their separation.
In Chapter 4, an instrument constructed for capillary electrophoresis with laser
light scattering detection at 90o for the separation and detection of individual submicron
particles was described. The ability of the instrument to separate, detect, and quantify,
individual spherical particles of known size ranging from 110 to 992 nm was evaluated.
Scattered light intensity from individual particles could be compared to the calculated
Mie scattering intensity to determine size of the individual particle. The system was able
to detect individual spherical particles as small as 110 nm in diameter.

Detection

efficiencies ranging from 38-75% were determined based on the number of peaks
counted versus the calculated number of particles injected. The possible reasons for low
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detection efficiencies are discussed in the chapter. In order to confirm that the scattering
events in LLS detection were a result of scattered light from individual polystyrene
particles, laser-induced fluorescence was also used to detect fluorescence from 943 nm
fluorescently labeled individual polystyrene beads. Comparable detection efficiencies
were reported using LIF and LLS detection methods with the same bead samples.
However, the instrument used detects either scattering or fluorescence. It would be
advantageous to detect fluorescence and scattering simultaneously.
In order to take the advantage of forward angle scattering and fluorescence
detection, a capillary electrophoresis system with dual angle (20o & 90o) LLS and LIF
(90o) detection was constructed for the separation and detection of individual submicron
particles as described in Chapter 5. The ability of the system to separate and detect
individual fluorescent particles was established.

Despite the expectations of high

scattering intensity from submicron particles in the forward direction, high background
scattering was experienced. The smallest particle size that can be detected using the new
system was determined to be about 80 nm in diameter at 20o and 90o scattering collection
angles. Although scattered light and fluorescence events were recorded using three
channels, the number of peaks counted at the 20o scattering collection geometry was
found to be 16% lower in comparison to the peaks counted at 90o. This difference was
mainly attributed to the difference in focus of the microscope objectives on the capillary.
Tobacco mosaic virus, a rod-shaped model biological particle, was tested to
characterize the LLS-LIF detection system. Although a population of TMV could be
detected using absorbance and scattering at high concentrations, scattered light from
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individual TMV particles could not be detected at all concentrations.

Scattering

dependence on the electrophoretic mobility of TMV was studied by varying the applied
electric field strength with the assumption that variation in electric field would cause
TMV to orient in different directions with respect to the length of the capillary. Despite
the change in mobility, no individual scattering events from TMV could be detected at all
electric field strengths. The failure to detect individual scattered light from TMV was
attributed to the volume of TMV being smaller than the smallest particle size detected
using the system (80 nm diameter polystyrene bead).
6.2 Future Directions

Detection efficiency ranging from 38 to 75% was reported in Chapter 4 for the
detection of individual 110-992 nm diameter polystyrene particles using LLS at 90o. We
also observed a great degree of variation in the scattering and fluorescence intensity
(CV>70%) for the same size particles. Various factors could have contributed to the low
detection efficiency and variation in scattered and fluorescent intensities.

It is the

important to maximize the percent detection and minimize the variation observed in
scattered and fluorescence light intensity for same size particles for better
characterization of submicron particles. Two approaches have been reported to increase
the detection efficiency and reduce the variation in scattered light and fluorescence
intensities for same size particles. The first approach uses focusing of sample flow path
through a detection beam and the second approach uses optical modification of the
detection laser beam.

These approaches were discussed in detail in Chapter 1. A

combination of both methods circumvent the problems more efficiently.
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6.2.1

Sample Flow Focusing: Microchip Devices

Microchip devices offer several advantages over capillaries. The development of
microlithographic techniques has provided superior flexibility in microchips design in
comparison to capillaries. Different injection, separation, and reaction designs can be
used in a single chip that is useful for particle analysis. Moreover, the flexibility in
design could be beneficial in reducing optical alignment difficulties compared to this
work.38

Confinement of particles in microchips has also been reported using

hydrodynamic,38,72 electrophoretic,73,85,158-160 and dielectrophoretic forces.39

Such

confinement of flow of particles in microchip devices has resulted in reduction of
scattering intensity variation among same size individual CPs. The use of micro scale
optics integrated into the microfluidic devices could also ease the collection of small
angle scattering (0-5o) in microchip devices in comparison to capillary. In addition, the
separation channel of microfluidic device is typically flat in comparison to a capillary,
therefore, scattered light from the surface will be reduced. Hence, it is practical for this
project to use microchips instead of capillary to benefit from the unique advantages of
microchip devices.
6.2.2

Optical Modification

Various optical systems have been used for optical modification of the detection
laser beam shape to reduce variability in scattered light and fluorescence light intensity as
well as increase the percent detection as discussed in Chapter 1.
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6.2.2.1 Keplarian Beam Shaper

Hoffnagle and Jefferson developed an optical system for transforming a
collimated Gaussian laser beam distribution into a collimated, broad, flat-top beam.166,167
These designs transform 78% of the total beam power into the flat top region of the
output beam. This optical system, a Keplerian beam shaper, implements only a pair of
aspherical lenses in which the first lens is used to redistribute the laser light and the
second lens is used to recollimate the beam. Ross and Skinner have made use of this
device to detect a two bead immunoassay, where two kinds spheres (antigen capturing
sphere and antibody containing smaller sphere) are used to detect antigens by forming a
complex in a microfluidic device.168 Although the authors describe the detection of
individual particles, nothing is reported on the improvement of the variability of
fluorescence intensity among individual particles of the same size using the beam shaper.
6.2.2.2 Cylindrical Lens

In commercial flow cytometers, a crossed cylindrical lens pair and sheath flow are
used to reduce the effect of the non-uniform illumination of a particle.33,164,165

A

cylindrical lens converts a circular beam into an elliptical spot. Figure 6.1 illustrates the
focusing effect of a crossed cylindrical lens pair. The first cylindrical lens (L1) converges
light in the horizontal plane but not in the vertical plane. The second lens (L2), placed
perpendicular to the plane of curvature of L1, converges light only in the vertical plane.
Since the focal length of L1 (f1) is the sum of the separation distance between the two
lenses (s) and focal length of L2 (f2), (f1 = s + f2), both lenses converge to a common focal
point to form an elliptical focused beam. The elliptical beam shape ensures that the entire
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A. FRONT VIEW

C. BIRD’S EYE VIEW

B. TOP VIEW

Figure 6.1. Three different views of a beam crossing a pair of cylindrical lens placed
perpendicular to each other. The first lens, L1, converges the beam only in the horizontal
plane and the second lens, L2 converges the beam in the vertical plane. A. Front view
showing the focused beam by L2 covering the length of the capillary (H). B. A top view
showing the focusing of the beam by L1 to cover the diameter of the capillary (d). C.
Bird’s eye view of the focused elliptical beam on the capillary.

diameter of the capillary is illuminated with equivalent light intensity. This elliptical
beam shape obtained using crossed cylindrical lenses can provide numerous advantages
in comparison to a circular beam. The two dimensions can be manipulated independently
to meet particular needs. The longer dimension of the focused laser beam will illuminate
most of the separation column, thereby reducing the probability of a particle passing
undetected (increasing the percent detection). The narrower dimension can be made
smaller than the smallest particle size detected in order to determine the particle size from
peak width. This can be done without fear that particles will pass undetected, as the other
dimension covers the entire separation column.
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In order to take the advantage of cylindrical lens in a similar manner it played in
flow cytometry, it will be necessary to replace the plano-convex lens used in Chapter 5
with crossed cylindrical lenses to focus the incident laser beam onto the capillary. For
example, in order to collect scattered and fluorescence light from a 50 µm diameter
capillary, cylindrical lenses with f1 = 29 cm and f2 = 10 mm can be used to focus the laser
beam into a 50 µm width (d) and 2 µm length (H) spot size on the capillary.
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